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Impinging jet heat transfer is one of the flow techniques used to cool or heat the 
target surfaces by fluid impingement on them. It is widely used in industrial applications 
ranging from drying of textiles and films, metal sheet manufacturing, gas turbine cooling 
to electronic component cooling. With the rapid increase of the heat dissipation in 
electronic components, impinging jet technique becomes more important to cool the hot 
chip.  
The objective of the current research was to test the heat transfer performance of 
impinging jet system under various boundary conditions. In this study, both numerical and 
experimental methods were used to examine the single and two-phase problems. For the 
single phase heat transfer, the effects of different boundary conditions and various 
parameters, e.g. geometric parameters, Biot number, fin structure and presence of a baffle 
in the jet flow, on the heat transfer performance were studied using a Computational Fluid 
Dynamics (CFD) method.  The parameters such as Nusselt number, thermal resistance and 
heat flux, were obtained to evaluate the heat transfer performance of the impinging jet 
system.  
For the two-phase problem, a mixture model, incorporated with User Defined 
Functions (UDFs), were used to simulate the process of heat transfer and mass transfer.  
The current study discussed the effects of superheat of target plate, sub-cooled working 
fluid and various inlet velocities on the two-phase heat transfer performance. Moreover, 
visualization of two-phase process was obtained.  
 ii
Other than the simulation work, an experiment was set up to test the heat transfer 
performance of single and two-phase problems with water and FC-72 as the working 
fluids. The parameters, e.g. impingement orientation, jet width and inlet velocity, were 
examined in the experiment. The simulation results and experimental results were 
compared and a reasonable agreement was obtained.  Finally, on the basis of the verified 
simulation model, more predictions of two-phase micro-scale impinging jet were carried 
out in view of its promising application in industry. 
This dissertation addresses the numerical and experimental investigation of single 
and two-phase impinging jet heat transfer. The goal of this study is to contribute to a more 
detailed investigation of effects of various parameters on impinging jet heat transfer so as 
to improve the design of the current impinging jet system.   
In the current investigation, the relationships between the local Nusselt 
number xNu , average Nusselt number mNu , jet width W , jet heightH , WH / and Re have 
been generalized. Also, the effects of subcooled water temperature, inlet velocity and 
superheat temperature of target plate on the heat transfer performance have been obtained. 
Distributions of temperature contour, velocity contour, velocity vector and volume 
fraction of vapor are obtained. The effect of surface roughness on the two-phase 
impinging jet heat transfer has also been examined. A dielectric fluid FC-72 has tested and 
the comparison between FC-72 and water is carried out. The advantages of FC-72 in the 
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bA  Bottom surface area of the heat sink     m
2 
tA  Top surface area of the heat sink     m
2 
0Bi  Local Biot number at the stagnation point      
mBi  Average Biot number      
xBi  Local Biot number  
pC  Specific heat         J/kg•K 
f  Friction factor 
mh  Average convective heat transfer coefficient    W/m
2•K 
xh  Local convective heat transfer     W/m
2•K 
H Jet height        mm 
fH  Fin height        mm 
fk  Thermal conductivity of the working fluid    W/m•K 
pk  Thermal conductivity of the target plate    W/m•K 
fink  Thermal conductivity of the plate-fin     W/m•K 
bl  Baffle length        mm 
L Target plate length        mm 
M flow rate         ml/min 
0Nu  Nusselt number at the stagnation point 
eNu  Effective Nusselt number  
mNu  Average Nusselt number 
PΔ  Pressure drop between inlet and outlet    Pa 
q  Heat flux        W/m2 
xq  Local heat flux       W/m
2 
Re  Reynolds number                 μρ /uW  
fS  Spacing between two adjacent fins     mm 
finT  Average temperature of the plate-fin     K 
wT  Wall temperature the target plate     K 
u  Inlet jet velocity       m/s 
W Jet width        mm 
fW  Fin width        mm  
bw  Width of the baffle       mm 
X Horizontal distance to the axis     mm 




α  Impingement orientation  
δ  Target plate thickness       mm 
ρ  Fluid density        kg/m3 
μ  Dynamic viscosity       kg/m•s 
υ  Kinematic viscosity       m2/s 
afθ  Thermal resistance       K/W 
 
Subscripts 
f  Working fluid 
x    Local  
w Wall 
m Mean (or average)  
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                                                                                                                                Chapter 1 Introduction 
 
 




The relentless trend of ever increasing integrated circuit chip functionality and 
decreasing chip dimensions for miniaturization of products have led to the need to develop 
new thermal management techniques to handle intense heat generation rate in IC chips. 
The need for effective cooling of chips at an acceptable cost is an urgent issue. Some 
experts believe that thermal management of chip packages is the bottleneck in current 
micro-processor chip development. Chip-level heat fluxes are already in the 35~50 W/cm2 
range for many high-end applications, and are projected to exceed 150 W/cm2 in the near 
future.  
It is now commonly accepted that the limits of cooling techniques using air are fast 
approaching their asymptotic limits for high-end application; and the same limitation will 
be encountered in the consumer applications soon. Though the liquid cooling technique 
has been implemented for supercomputers, mainframes and large server systems, its 
application to small-scale portables and desktop computers is only now being explored 
and developed. However, in the medium to long term, advanced cooling techniques must 
be developed to meet the demand of the high heat flux removal. Presently, the 
conventional approaches, e.g. use of heat sinks with fans and use of heat pipes are applied 
 1
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widely. Other techniques, e.g. application of micro-channel cooling, impinging jet cooling 
and spray cooling, are under investigation by researchers.  
Various new cooling techniques have been studied by many researchers. The range 
of heat transfer coefficients encountered in electronic cooling is presented in Fig. 1.1 
under the operating condition of a heat flux 100 W/cm2 at a temperature difference of 50 
K [Clemens et al., 2005]. In recent investigations, researchers focus mainly on natural 
convection, single-phase and boiling forced convection for different working fluids such 
as air, water and dielectric fluids. In the following sections, various conventional and 
latest approaches of electronic cooling are reviewed briefly.  
 
Fig. 1.1 Heat transfer coefficient attainable with natural convection, single-phase liquid 
forced convection and boiling for different coolants [Clemens et al., 2005] 
 
1.1.1 Heat sink  
Use of a heat sink is the conventional method to transfer heat from heat sources to 
the surfaces exposed to various cooling fluids, as shown in Fig. 1.2. In this method, the 
design of the heat sink significantly affects the heat transfer coefficient of the electronic 
cooling system. Here, parameters appearing in the design are height of fins, number of 
fins, spacing between fins, thicknesses of fins and so on. Additionally, thermal interface 
 2
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materials used between the heat sink, lid and chip also affect the overall heat transfer 
performance of the electronic cooling system.  
 
Fig. 1.2 A conventional design of an electronic cooling device by heat sink  [Clemens et 
al., 2005] 
1.1.2 Heat Pipe 
A heat pipe is a simple device that can quickly transfer heat from one point to 
another at a negligible temperature difference. It is often referred to as “superconductor” 
of heat as it possesses an extraordinary heat transfer capacity and rate with almost no heat 
loss. Typically, it consists of a sealed aluminum or copper container whose inner surfaces 
have a capillary wicking material. A typical configuration of a heat pipe is presented in 
Fig. 1.3. A heat pipe is similar to a thermosyphon. But it differs from a thermosyphon by a 
virtue of its ability to transport heat against gravity by an evaporation-condensation cycle 
with the help of porous capillaries. The wick provides the capillary driving force to return 
the condensate to the evaporator. The quality and type of wick usually determine the 
performance of the heat pipe.  
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 Fig. 1.3 A typical configuration of a heat pipe [Thyrum, 2002] 
 
The effective thermal conductivity of a heat pipe can technically range from 
50,000 to 200,000 W/m•K [Thyrum, 2002], but is often much lower in practice due to 
additional interface resistances. The performance of heat pipes ranges from 10 W/cm2 to 
over 300 W/cm2. A simple water-copper heat pipe has an average heat transfer capacity of 
100 W/cm2.  
1.1.3 Micro-channels and Mini-channels 
Due to the rapid development in the electronics industry, including a dramatic 
increase in chip density and power density requirments, as well as a continuous decrease 
in physical dimensions of electronic packages, thermal management is one of the most 
critical areas for the electronic product development. The thermal problem has a 
significant impact on the cost, overall design, reliability and performance of the next 
generation of microelectronic devices. A large volume of researches on the micro-scale 
heat transfer has appeared in the literature. Micro-channel technology has become one of 
novel technologies to meet the demand of high dissipation removal.  The flow and heat 
transfer in the micro-channels have attracted many researchers in recent years.  
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Fig. 1.4 Geometric configuration of the micro-channel heat transfer  [Clemens et al., 2005] 
The term “micro” is usually applied to the devices having a hydraulic diameter of 
ten to several hundred micrometers, while the term “mini” refers to a diameter on the 
order of one to a few millimeters. Currently, not only the single phase heat transfer but 
also the more complex boiling heat transfer phenomena is the subject of study by many 
researchers in the field of micro-channels. The geometry of micro-channels, pressure drop, 
friction factor, flow rate and heat flux are the main parameters of interest. One advantage 
of the micro-channel technique is that the smaller the channel, the higher is the heat 
transfer coefficient. Unfortunately, the pressure drop also increases inversely with the 
second power of the channel width when other parameters are held constant.  
 
1.1.4 Impinging Jet Technique 
The impinging jet technique is studied extensively for its application in the 
electronic cooling [Zhang et al. 1997, Wu et al. 1999, Wang et al. 2002,]. In the current 
investigation, both numerical and experimental approaches are used to investigate the heat 
transfer performance of impinging jet system under various operating conditions. In 
comparing micro-channels and micro-jets, it is difficult to say which configuration is 
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better. It also depends on the demand of the industrial application. Micro-channels are 
easier to fabricate and implement but the temperature non-uniformity is larger and 
nucleation is more difficult to control. Well-designed micro-jets can achieve better cooling 
uniformity but more fabrication steps are required.  
 
Fig. 1.5 Geometric configuration of an impinging jet system [Guellouz, 2003] 
There are several other methods also applied in the electronic component cooling 
such as use of spray cooling, porous materials and phase change materials. These methods 
have their particular application under special conditions although they are not as popular 
as the methods earlier mentioned.  
In the electronic cooling literature, electronic cooling techniques are typically 
classified as: air cooling, liquid cooling, two-phase mixture cooling and boiling cooling, 
etc. Each of these methods is discussed briefly in the following sections.  
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1.1.5 Air Cooling 
Air is widely used in electronic component cooling because of its easy 
accessibility, convenience and stability.  However, with the rapid development of 
electronic technology and high demand of heat removal, it is generally acknowledged that 
traditional air-cooling techniques are about to reach their limit for cooling of high-power 
applications. With standard fans, a maximum heat transfer coefficient of about 150 
W/m2•K, can be reached with acceptable noise levels, which is about 1 W/cm2 for a 60 °C 
temperature difference. Using “macro-jet” impingement, theoretically heat transfer 
coefficient may reach 900 W/m2•K, but with unacceptable noise levels. Non-standard 
fans/dedicated heat sink combinations for CPU cooling are expected to have a maximum 
of about 50 W/cm2, which is a factor of 10 higher than what is expected 15 years ago.  
 
1.1.6 Liquid Cooling 
The efficiency of heat transfer with various electronic cooling techniques has been 
studied for many liquids [Chrysler et al. 1995, Qiu et al. 2005, Yu et al. 2005]. Water is 
one of the most accessible liquids, but has electrical short circuit problems if not properly 
designed. In order to avoid electrical shortage, dielectric liquids such as FC-72 and FC-84 
have been studied by researchers. Liquid cooling is generally divided into two main 
categories of indirect and direct liquid coolings. The indirect liquid cooling is the one in 
which there is no direct contact of the liquid with the components to be cooled; while the 
direct liquid cooling brings the liquid coolant into direct contact with these components. 
The indirect liquid cooling is achieved using heat pipes and cold plates, while the direct 
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liquid cooling is achieved by immersion cooling and impinging jet cooling. More detailed 
description of impinging jet heat transfer using liquid as the working fluid is presented in 
the later chapters.  
The thermal resistances of various cooling fluids are presented in Fig. 1.6. The 
highest reported experimental value is over 200 kW/cm2, using fluids with high velocities 
and at high pressures. Some commercially available micro-coolers can already handle 
about 1 kW/cm2; hence there is further room for improvement.  
 
Fig. 1.6 Thermal resistance for various cooling fluids [Thyrum, 2002] 
 
1.1.7 Summary of electronic cooling approaches 
  A number of approaches have been studied by researchers for the electronic 
component cooling. Moreover, some techniques, e.g. micro-channel, spray cooling, 
 8
                                                                                                                                Chapter 1 Introduction 
impinging jet and heat pipes are developed and commercialized to the industrial 
application. For the heat flux density up to 50 W/cm2, air-cooling may remain the cooling 
option of choice; for heat flux density up to 100 W/cm2, liquid cooling appears to be the 
most viable option. The impinging jet cooling technique is a method that can meet the 
demand of high heat removal up to 100 W/cm2 if liquid is used as the working fluid and 
even boiling phenomena is involved.  
 
1.2 Introduction of Impinging Jet Technique 
Impinging jet heat transfer is one of the flow configurations used to cool or heat 
target surfaces by fluid impingement on them. It is widely used in industrial applications 
ranging from drying of textiles and films, metal sheet manufacturing, gas turbine blade 
cooling to electronic component cooling. Due to its extensive applications, impinging jet 
technology has been investigated numerically and experimentally to considerable depth. 
In recent years, studies on the impinging jet technique have attracted many 
researchers. In this topic, single phase problem is a conventional method and widely used 
in practical applications. In the current investigation, a series of parameters including 
geometry, Biot number, fin structure and baffle design, are examined. With the rapid 
increase of heat dissipation rate required by electronic components, single phase heat 
transfer will eventually not be sufficient to meet the demand. Thus,  two-phase heat 
transfer (boiling heat transfer) has become a topic receiving increasing attention of major 
interest in the electronic cooling field. Compared with single phase heat transfer, two-
phase heat transfer can increase the heat transfer effectiveness significantly.   
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In investigating of the impinging jet technology, both numerical and experimental 
methods have been adopted. With the rapid development of computer and software 
technology, numerical simulation provides a new convenient approach for investigating 
impinging jet. Especially for the micro-scale geometries, numerical approaches have 
significant advantages over experimental approaches because of the accuracy of 
experimental measurements in the micro-scale region. Of course, the results of model still 
need to be verified by experimental results. Therefore, numerical and experimental 
investigations were adopted in the current study.  
 For the single phase problem, effects of various parameters on impinging jet heat 
transfer were studied using both numerical and experimental approaches. Simultaneously, 
a Computational Fluid Dynamics (CFD) method was developed to simulate two-phase 
problem in the impinging jet system.  
 
1.3 Objectives  
The main objective of the current studies was to examine the heat transfer 
performance in the impinging jet system under various operating conditions. In this study, 
both numerical and experimental methods were used to examine the single and two-phase 
problems. For the single phase heat transfer, the effects of different operating conditions 
and various parameters, e.g. geometric parameters, Biot number, fin structure and 
presence of a baffle in the jet flow, on the heat transfer performance were studied using a 
Computational Fluid Dynamics (CFD) method.  The parameters such as Nusselt number, 
thermal resistance and heat flux, were obtained to evaluate the heat transfer performance 
of the impinging jet system.  
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For the numerical simulation, different models for single phase and two-phase heat 
transfer were developed to examine the effects of various parameters. For the single phase 
simulation, the jet flow was in the region of laminar flow. For the two-phase simulation, 
the mixture model, incorporated with User Defined Functions (UDFs), were adopted. For 
the experimental investigation, both water and a dielectric fluid FC-72 were tested under 
various operating conditions. The parameters studied in the current study were geometric 
parameters, Biot number, Reynolds number, surface roughness, impinging orientation, fin 
structure, an inserted baffle etc. On the basis of the verified simulation model, a numerical 
investigation of the micro-impinging jet was also carried out.  
 
1.4 Scope 
In the current investigation, the study was mainly focused on the single and two-
phase impinging jet heat transfer. Both numerical and experimental investigations were 
carried out. For the single phase problem, parameters such as geometry of the IJ system, 
Biot number, an inserted baffle and fin structure of target plate were studied. For the 
boiling IJHT, the effects of inlet velocity, subcooled temperature, superheat temperature 
and orientation of the jet impingement were studied. Dielectric fluid, e.g. FC-72, was also 
studied. Micro-impinging jet heat transfer was studied using the simulation model. The 
flow chart of the overall investigation of IJHTis presented Fig. 1.7.  
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Fig. 1.7 Flow chart of the current investigation of the impinging jet heat transfer 
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Chapter 2  Literature Review 
 
In this chapter, a brief overview of previous investigations on impinging jet heat 
transfer is presented. Here, the review is classified by related research topics. 
Classifications of impinging jet heat transfer in term of various parameters is presented in 
Fig. 2.1. The studies may be classified by parameters, e.g. the geometry, Biot number, fin 
structure and an inserted baffle. Water and a dielectric fluid are used in numerical and 
experimental studies of single and two-phase problems.   
 
 
Fig. 2.1 Classification of impinging jet heat transfer in term of various parameters 
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2.1 Geometric Effect 
The geometry of the impinging jet system is an important parameter that affects its 
thermal performance significantly. In the conventional investigations of impinging jet heat 
transfer, the jet width was usually larger than 2 mm. In recent years, the smaller jet has 
attracted attention because such micro-jets can meet the demand of compact devices in 
providing high heat removal.  
The micro-impinging jet technique is a promising technique with significant 
applications in the compact heat dissipation systems. The term “micro” is usually applied 
to devices having hydraulic diameters of ten to several hundred micrometers, while “mini” 
refers to diameters on the order of one to a few millimeters. In some experimental 
investigations, the micro-jet width was considered as around 0.1 mm or smaller. Generally, 
compactness and high heat removal rate are the main advantages of the micro-impinging 
jets.  
Many investigations on micro-impinging jet heat transfer have been reported in the 
literature. An experimental study of local heat transfer with liquid impingement flow in 
2D micro-channels was carried out by Zhang et al. [1997]. In their study, the relationship 
between the Nusselt number and Graetz number was studied. They also concluded that 
micro-impinging jet technique could provide an excellent heat transfer performance in 
comparison with the conventional parallel flow in channels. However, the detailed 
investigation of geometric and thermal parameters effects on impinging jet heat transfer 
was not discussed.   
Wu et al. [1999] reported their experimental results of the MEMS impinging jet 
technique to cool a micro-heat exchanger. In their study, the effects of jet height and 
 14
                                                                                                                       Chapter 2 Literature Review 
 
pressure drop were studied in free jet impingement heat transfer. It was concluded that 
target wall temperature decreased with the increase of nozzle-to-target spacing because 
more fresh air could enter the impingement area to cool down the target plate.  This 
conclusion was different with a confined jet regarding the effect of nozzle-to-target 
spacing. Hence, a numerical investigation needs to be further performed for confined 
micro-jet impingement.  
Micro-machined jet arrays for the liquid impingement cooling of VLSI chips were 
carried out by Wang et al. [2002]. The effects of a single jet and multiple jets array on 
two-phase liquid impingement cooling were investigated. A careful comparison between 
micro-channel and micro-jet showed clear advantages of the micro-impinging jet method: 
more uniform target plate temperature, more stable two-phase process and absence of 
superheating. However, they did not carried out the detailed study of the impinging jet 
system. Hence, further study of the parameters effects on impinging jet heat transfer, e.g. 
geometric design of the jet impingement, properties of the working fluid and roughness of 
the target plate, need to be performed. 
Jang et al. [2003] reported an investigation of a micro-channel heat sink under an 
impinging jet, which was a combination of the micro-channel and impinging jet technique. 
In their study, the pressure drop and temperature uniformity were compared for this 
combination method and usual micro-channel technique. It was found that, compared to 
the corresponding micro-channel heat sink, this combination method yielded a smaller 
pressure drop and more uniform temperature. This combination of micro-channel and 
micro-impinging jet techniques possessed the advantages of both two methods. Therefore, 
it might be a good choice for the advanced electronic component cooling with high 
demands of heat dissipation rate and compact size.  
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In the literature, most investigations focused on applications of impinging jets in 
electronic component cooling. Moreover, researchers mainly adopted experimental 
methods to study heat transfer performance of the impinging jet system. They studied 
mainly the parameters e.g. target wall temperature and inlet-outlet pressure drop. More 
investigations should be carried out on other geometric and thermal parameters e.g. flow 
rate, jet width, jet height and surface roughness etc.  
 
2.2 Conjugate Heat Transfer 
For the conjugate impinging jet heat transfer, Biot number is a parameter which 
significantly affects the heat transfer performance and temperature distribution on the 
target plate. In the literature, both numerical and experimental investigations have been 
performed. Wang et al. [1989] analytically studied the conjugate heat transfer between a 
laminar impinging liquid jet and a solid disk. In their study, it was reported that for a thick 
disk, the prescribed temperature or heat flux had little effect on the local heat transfer 
coefficient. However, for a thin disk, the effect was considerable.  
Rahman et al. [1998] and Bula et al. [1999] numerically investigated the conjugate 
heat transfer of a free impinging jet system. They developed a numerical model which was 
applied to both solid and fluid regions. In their computation, the influences of different 
operating parameters such as jet velocity, heat flux, plate thickness, jet height and plate 
material were discussed. Also, Zhuang et al. [1997] performed an experimental 
investigation on the influences of different parameters, e.g. liquid velocity, channel size 
and fluid Prandtl number, for the conjugate heat transfer problem.  
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Gianpaolo et al. [1997] studied the conjugate heat transfer between a finite 
thickness plate and a laminar confined impinging flow. In their study, heat transfer 
performance of an impinging planar jet was discussed in order to determine the solid-fluid 
coupling characteristics which minimized the rate of entropy generation. Their research 
provided an approach to optimize indirect cooling schemes in electronic thermal 
management.  Antonio et al. [2000] analyzed a free jet of a high Prandtl number fluid 
impinging perpendicularly on a solid substrate of finite thickness, which contained small 
discrete heat sources on the opposite surface. In their study, the conjugate heat transfer 
between the solid and fluid region was simulated by a developed model. Parameters, e.g. 
fluid velocity, temperature and pressure distributions in the fluid were discussed. 
Moreover, local and average heat transfer coefficients at the solid-fluid interface were 
obtained.  
Conjugate heat transfer problem of a rotating disk was also carried out by Rice et 
al. [2005]. They reported a detailed analysis of the liquid film characteristics and the 
accompanying heat transfer of a free surface. The effects of the inlet temperature on the 
film thickness and heat transfer were characterized. They also concluded that both the 
inner and outer edges of the heated surface mostly affected the heat transfer results. Yang 
et al. [2006] studied the transient conjugate heat transfer in a high turbulence air jet 
impinging over a flat circular disk using a reliable turbulence model. Their numerical 
work of transient, two-dimensional cylindrical coordinate, turbulent flow and heat transfer 
was carried out to test the accuracy of the theoretical model. Other studies on the 
conjugate heat transfer were also carried out in the literature [Bula et al., 2000, Kanna et 
al., 2004, Sarghini et al., 2004].   
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2.3 Fin Structure 
The geometry of the target plate is a key factor which affects the heat transfer 
effectiveness of the impinging jet system. A target plate using a finned heat sink under an 
impinging jet affects heat transfer performance significantly. Therefore, an investigation 
of fin design under an impinging jet is worthy of a further study. Many experimental and 
numerical investigations of a heat sink under an impinging jet have been reported in the 
following studies.   
Maveety et al. [2000], using air as the working fluid, performed numerical and 
experimental investigations of pressure gradient, thermal resistance, jet Reynolds number 
and geometrical parameters and reported correlations for the impinging flows. Sasao et al. 
[2001] numerically studied impinging air flow and heat transfer in the plate-fin type heat 
sinks. Correlations of pressure drop, thermal resistance, flow rate, fin spacing, fin height 
and duct width were obtained. However, there was no further investigation of optimal pin-
fin number under their operating conditions.  
More experimental and numerical studies of heat sinks with impinging jet flow at 
high jet Reynolds numbers were reported by Brignoni et al. [1999] and El-Sheikh et al. 
[2000]. The structure of the heat sink was optimized by adjusting the number of fins and 
spacing between the pin fins. Moreover, the operating conditions for various flow rates, 
pumping powers and pressure drops were tested in order to obtain the best heat transfer 
performance. Shah et al. [2002] also studied the effects of the geometry of heat sink fins, 
pressure gradient and flow rates on the impinging system. However, they did not study the 
effects of fin geometry such as fin height and fin-to-spacing ratio.  
 18
                                                                                                                       Chapter 2 Literature Review 
 
A general investigation of heat sinks and impinging jet heat transfer was carried 
out by Kondo et al. [2000].  They presented a general model involving 16 parameters to 
analyze the heat transfer performance of heat sinks. In their study, pressure drop and 
thermal resistance were the main criteria in evaluating the pin-fin heat sinks. However, the 
effects of fin height and fin shape on the impinging jet heat transfer were not discussed. 
Another study of cylindrical pin-fin fan-sink heat transfer was presented by Zheng et al. 
[1999].  The effects of coolant flow rate, pin-fin density and pin-fin height on the heat 
transfer performance were discussed.   
In addition, a number of investigations of fin heat sink have been reported by 
Garimella et al. [1992]. They performed an experimental investigation of separation, 
recirculation, and reattachment in the flow over an array of protruding elements mounted 
on the bottom wall of a rectangular water channel. They reported the measurements of 
reattachment lengths, velocity and turbulence profiles as functions of the channel height, 
element spacing and jet Reynolds number. However, in order to understand the thermal 
performance of heat sink well, other important parameters e.g. thermal resistance and 
Nusselt number of the heat sink need to be studied further.  
Previous investigations on fin structure focused mainly on the air jets with jet 
width on the order of several millimeters. However, more compact configurations and 
higher heat transfer performance are demanded because of the rapid increase of heat flux 
dissipation rates. A micro-impinging jet of a dielectric fluid FC-72 is examined 
experimentally in the current study. A few investigations of micro-impinging jet heat 
transfer were reported in the literature [Wu et al., 1999; Lou et al., 2005]. Parametric 
effects of various working fluids on the  impinging jet system have been discussed by Shi 
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et al. [2003]. They showed that the fluid Prandtl number was a very important factor in 
governing convective heat transfer.  
El-Sheikh et al. [2000] investigated enhancement of air jet impingement heat 
transfer using pin-fin heat sinks. In their study, various pin-fin heat sinks mounted on the 
heat source were examined and results for average heat transfer coefficients were 
presented over a range of jet Reynolds numbers (from 8000 to 45000) and jet diameters 
(from 12.7 to 38.1 mm). Results for the average heat transfer coefficients were correlated 
in terms of the Reynolds number, fluid properties and geometric parameters of the heat 
sinks.  
In recent years, Kim et al. [2006] reported an experimental study on the heat 
transfer characteristics of a plate fin and tube heat exchanger. In their study, a lumped 
capacitance method based on liquid crystal thermography was adopted and was validated 
through impinging jet and plate flow experiments. Quantitative heat transfer coefficients 
of the plate fin were obtained. Li et al. [2005] studied the thermal performance of heat 
sinks using confined impingement cooling measured by infrared thermography. The 
effects of the impinging Reynolds number, the width and height of fins, the distance 
between the nozzle and tip of fins and the type of heat sinks on the thermal resistance were 
investigated. More investigation of other parameters, e.g. fin-to-spacing ratio, pressure 
drop, Nusselt number can be carried out in the future work.  
From a review of the literature mentioned, there are still aspects which require 
further study. The objective of the current investigation is to examine the effectiveness of 
heat transfer under a confined impinging jet using a plate-fin heat sink as the target plate. 
Thermal resistance, pressure drop and effective Nusselt number were examined to 
evaluate the heat transfer performance of various heat sinks.  
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2.4 Effect of an Inserted Baffle  
A baffle inserted in the impinging jet flow region can affect the flow and hence to 
heat transfer. Only a few investigations of the baffle effect have been carried out so far.  
Effects of baffles and ribs on a channel flow were discussed by Dutta et al. [1997, 
1998].  They carried out a comprehensive investigation of the effect of baffles on heat 
transfer enhancement in the channel flow. Moreover the frictional loss and heat transfer 
behavior were examined for different sizes, positions and orientations of an inclined baffle 
attached to the heated surface. Their investigation indicated that there existed an optimum 
perforation density to maximize the heat transfer coefficient. However, there was no 
further investigation of larger ranges of the baffle orientation. Hence, further study of 
baffle effect on impinging jet heat transfer needs to be carried out for different baffle 
locations and orientations.  
Another enhancement technique for heat transfer with a combination of inclined 
baffles and ribs in a channel was studied by Jamil et al. [2002]. In their study, the effects 
of baffle angle, baffle location and effect of perforation design were analyzed. They 
reported that inclined baffles enhanced heat transfer performance by creating large-scale 
fluid bulk motion and tripped operating layer flow separation. 
In addition, Bi [2001] experimentally investigated the effect of placing flat strips 
as baffles in a confined turbulent slot jet. They reported that both increased and decreased 
local Nusselt numbers were possible depending on the location and size of the baffle. Both 
distances too close to the target wall and too far offset from the jet axis dampen heat 
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transfer performance of the impinging jet. However, the study did not try to identify 
optimal size or location of the baffle.  
In recent years, Tandiroglu [2006] reported the effect of flow geometry parameters 
on transient entropy generation for turbulent flow in a circular tube with inserted baffles. 
One smooth tube and nine different baffle inserted tubes geometries were tested. From his 
investigation, a general empirical correlation of the time averaged entropy generation was 
developed.  
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Lin et al. [2006] also carried out an experimental study to explore the local heat 
transfer in the rectangular channel with baffles, and analyze the experimental results of 
baffles with different heights and pores in the event of five Reynolds numbers and three 
heating quantities. In order to obtain an optimized baffle and increase the perturbation of 
flow field, various parameters e.g. baffle height, pore number and heat flux were 
examined. Another experimental study, using inclined solid and perforated baffles, on the 
local heat transfer characteristics and the associated frictional head loss in a rectangular 
channel were carried out by Dutta et al. [2006]. In their study, parameters such as position, 
orientation and shape of the baffle were tested and the optimum configuration was 
identified under their operating conditions.  
The above review of previous work reveals that there are still many gaps in 
knowledge on impinging jet heat transfer for different operating conditions. Hence, the 
present work has focused on baffle effect under a micro-impinging jet with location and 
orientation of the baffle as the main parameters.  
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2.5 Two-phase IJHT: Experimental Investigation  
Two-phase impinging jet heat transfer is an attractive research field because of its 
high heat removal capacity associated with high latent heats of evaporation. Many 
experimental investigations of two-phase impinging jet heat transfer have already been 
performed. Most of these studies were focused on the critical heat flux (CHF) for the two-
phase problem.   
Monde et al. [1976] reported the study of burnout in a high heat flux boiling 
system under an impinging jet. The correlation of burnout heat flux data with water and 
Freon-113 as the working fluids was generalized and the effect of the surface tension on 
the impinging jet boiling was also discussed. Another investigation of CHF of a single jet 
and multiple jets impingement boiling was carried out by Mode et al. [1994]. They 
presented that the characteristics of CHF for the single jet and multiple jets were similar if 
only focusing on the region controlled by each individual jet.  
Critical heat flux (CHF) for a confined rectangular impinging jet using a dielectric 
liquid as the working fluid was studied by Mudawar et al. [1990]. In their study, general 
boiling and critical heat flux trends were examined with respect to the variations of inlet 
velocity, jet height and sub-cooling. They reported that the critical heat flux increased with 
the increasing flow velocity in the medium velocity regime (less than 10 m/s), while CHF 
leveled off and ultimately decreased with the increasing flow velocity in the high velocity 
regime (larger than 10 m/s). The trend of decreasing CHF with the increasing velocity and 
decreasing channel height was mainly caused by a stream-wise reduction in the liquid sub-
cooling. However, they did not discuss the effect of jet width on the impinging jet heat 
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transfer.  More work should focus on the incipient boiling and nucleate boiling because 
these boiling regimes are more suitable to electronic component cooling.    
Ma et al. [1993] reported their experimental investigation of two-phase two-
component jet impingement heat transfer from simulated microelectronic heat sources. 
They investigated the effects of gas-fluid velocity ratio, nozzle-to-target spacing on the jet 
impingement boiling heat transfer. An extreme high heat flux 280 W/cm2 was dissipated 
from vertical chip-size at a wall temperature of 58 °C. Also an ultra-high critical heat flux 
for two-phase impinging jet heat transfer was studied by Mitsutake et al. [2003]. They 
studied mainly various parameters such as jet velocity, sub-cooling temperature and 
system pressure. In their experiment, the maximum CHF 211.9 MW/m2 was achieved at a 
heater surface length of 5 mm, width of 4 mm, nozzle diameter of 2 mm, pressure drop 0.7 
MPa, flow velocity of 35 m/s and sub-cooled temperature subTΔ  of 151 K. Hence, there is 
large room of high heat dissipation rate for electronic component cooling if the boiling 
phenomena appears. Geometric efforts were studied by Chrysler et al. [1995].  They 
reported on two-phase heat transfer of FC-72 in narrow gaps. The effects of nozzle-to-
target spacing according to the jet flow rate on the impinging jet system were studied. 
They found that the average temperature of the chip remained relatively unchanged for a 
gap larger than a certain value. Other than the geometric effect on impinging jet heat 
transfer, the effect of impingement direction with respect to the target plate has also been 
studied by researchers. For example, Bartoli [1997] studied upflow and downflow jet 
impingement during incipient and nucleate boiling and discussed the effects of flow rate 
and sub-cooling temperature. In their study, they reported that the heat flux for the 
download flow was slightly larger than that for upward flow because of vapor and bubble 
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mixing. The correlation of heat flux and superheat temperature satTΔ  was generalized with 
flow rate and sub-cooling temperature as the parameters. Another study of critical heat 
flux for the steady boiling of saturated liquid jet impingement on the stagnation zone was 
carried out by Yu et al. [2005]. In their study, various working fluids, e.g. water, ethanol, 
R-113 and R-11, were tested for the convective boiling problem under a round impinging 
jet.  
Ruch [1975] reported the boiling heat transfer using Freon-113 as the working 
fluid for a jet impingement upward onto a flat heated surface. He also discussed the 
nucleate and film boiling problems and obtained a range of experimental data. Pnueli 
[1993] examined transient boiling of a water spray on a surface heated above the boiling 
point. The relationship between the convective heat transfer coefficient and surface 
temperature of the heater was studied with the amount of the working fluid as the 
parameter.  Additionally, Buyevich et al. [1995] reported an experimental investigation of 
the cooling of a superheated surface with a jet mist flow. The flow velocity and impinging 
droplets, which either rebounded or came in direct contact with the plate and eventually 
evaporated,  affected the total heat removal significantly. The dilute mist flow had an 
advantage of being cheap against similar liquid flow by preventing an excessive waste of 
the liquid.  
Other than the parameters discussed above, Wang et al. [1997] examined the 
effects of the flow velocity and sub-cooling on the CHF for a saturated liquid and a sub-
cooled liquid. In their study, they experimentally investigated the effects of flow rate, 
nitrogen gas and jet sub-cooling. A new correlation of CHF data for saturated liquid and 
sub-cooling liquid was obtained.  A boiling hysteresis phenomenon for impinging circular 
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submerged jets with highly wetting liquids was studied by Zhou et al. [2003]. In their 
investigation, they demonstrated the effects of gases, surface aging, jet velocity and jet 
diameter on the two-phase heat transfer problem.  
In Jang et al.’s investigation [2003], an experimental investigation of thermal 
characteristics of a micro-channel heat sink subject to an impinging jet was investigated 
using a micro-thermal sensor array. This measurement method of micro-thermal sensor 
array could also be applied in a micro-impinging jet system to obtain surface temperature 
of the target plate. Auracher et al. [2002] studied boiling mechanisms in all boiling 
regimes under a steady-state and transient condition using an experimental approach. On 
the basis of their investigation, a further miniaturization of thermocouples implanted 
extremely close to the surface was required. In addition, the optical probes should also be 
miniaturized and used in a multiple arrangement.  
Yang [2001] reported an experimental study of cooling of electronic components 
using the boiling impinging jet method. He performed a systematic and experimental 
study of the effects of jet velocity, jet diameter and sub-cooling on free jet impingement 
heat transfer with and without boiling. Furthermore, both single jet and multi-jet 
impingement heat transfer under free and submerged impinging jets were compared. 
However, more work is needed on the effects of geometry of jet, impingement orientation, 
properties of the target plate and other operating conditions.  
Qiu et al. [2005] reported an experimental investigation of critical heat flux (CHF) 
of steady saturated and subcooled boiling for a round R-113 jet impingement on the flat 
stagnation zone. Effects of three main influencing parameters, i.e. subcooling, impact 
velocity and jet nozzle diameter were systemically studied and empirical correlations were 
obtained.   
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Woodfield et al. [2005] carried out an investigation to capture the flow behavior 
and boiling sound of a free-surface water jet impinging on a high temperature surface 
during a quench cooling, using a high-speed video camera and microphone. In their 
experiment, unexpected boiling phenomena, which were affected by the initial 
temperature of the solid, were observed during the quench cooling of a cylindrical block 
of metal using an impinging jet of water.  
 
The experimental investigations reported above are the main research works in the 
area of impinging jet boiling heat transfer. Many investigations focused on the critical heat 
flux (CHF) of two-phase impinging jet heat transfer. In fact, in the industrial application 
of electronic component cooling, surface temperature of the target plate is usually 
controlled under 120 ºC. Therefore, more investigations should to be carried out in the 
regime of incipient boiling and nucleate boiling heat transfer. In the current investigation, 
the experiment was set up to study the incipient and nucleate boiling impinging jet heat 
transfer. Although many investigations have been performed on the boiling problem, its 
mechanism is far from being well understood.  Therefore, more efforts should be carried 
out on the boiling jet impingement. The objective of this investigation is to study the 
single and two-phase impinging jet heat transfer under various circumstances such as 
different jet widths, impinging directions, surface roughness, inlet velocity and heat fluxes 
etc. 
 
2.6 Two-phase IJHT: Numerical Investigation 
Many numerical investigations have been undertaken for the single phase 
impinging jet heat transfer [Zhang, 1997, Shi et al., 2003, Narayanan et al., 2004, Lou et 
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al., 2005]. However, with the rapid increase of heat dissipation rate from electronic 
components in recent years, single phase impinging jet heat transfer can no longer meet 
the demand very well. Hence, numerical investigation of two-phase impinging jet heat 
transfer is a topic of several investigations.  
A number of well-known models and commercial codes have been developed to 
simulate the boiling heat transfer. For example, Fluent, CFX, STAR-CD, and FLOW-3D 
have developed models to predict flow and temperature fields in two-phase heat transfer 
problems. In the literature, there are also reports of several specialized computational 
codes e.g. RELAP5, RETAN, TRAC and CATHARE. Most codes utilize the two-fluid 
model, Volume-Of–Flow (VOF), Level Set method or Front Tracking method. Recent 
research works on the two-phase simulation is discussed in the following paragraphs. 
Because two-phase boiling simulation is a relatively new and challenging topic, much 
work is still in progress. 
Kandula et al. [1990] carried out an investigation of the mechanisms and 
predictions of burnout in jet impingement boiling. In their study, a theoretical method was 
used to analyze the droplet diameter and droplet splash rate. Two basic mechanisms of 
burnout were concluded: a surface tension-controlled burnout and a liquid viscosity-
controlled burnout.  The transition Weber number Wef was used to obtain the correlation 
of critical heat flux in their investigation. Bourbon et al. [2003] completed a numerical 
investigation of boiling in a porous medium using Fluent. They established a simulation 
model to simulate the joint interaction of pore geometry and porous matrix conductivity to 
heat transfer and dynamic behavior of fluids. Additionally, they found that their 
simulation demonstrated significant lack of stability of heat exchange and flow inside the 
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porous matrix/water/vapor system, which could come partly from the calculation code 
itself.  
A Lattice-Boltzmann simulation on the evaporation and condensation in micro-
fluid systems was carried out by Rector et al. [2002]. One main advantage of this method 
was that the potential interaction terms could be incorporated into the motion equations. 
Another numerical simulation of heat transfer in sub-cooled pool boiling using a method 
MPS-MAFL was studied by Yoon et al. [2004]. In their investigation, they combined a 
method MPS (Moving Particle Semi-implicit) with a convection scheme MAFL (Meshless 
Advection using Flow-Directional Local-grid). They studied bubble growth and departure 
mechanisms and yielded a good agreement with the experimental observations. They 
concluded that the dominant heat transfer mechanism was the convection agitated by 
bubble motion.  
Tu et al. [1999] numerically studied the influence of bubble size on the void 
fraction distribution in sub-cooled flow boiling at low pressures with RELAP5 and 
CFX4.2. In their simulation, improved models of inter-phase force, inter-phase heat 
transfer, inter-phase mass transfer and mean bubble diameter were achieved. They 
concluded that there was a strong link between bubble size, void fraction and a related 
constant bubble number density in the downstream of the flow region. Tu et al. [2001] 
also carried out a numerical modeling of low-pressure sub-cooled boiling flows.  They 
studied several important parameters in order to improve the prediction of void fraction 
distributions at low pressures: (1) partition of the wall heat flux; (2) bubble size 
distribution and interfacial area concentration; and (3) bubble departure diameter and its 
relationship with bubble frequency. Moreover, they improved the CFX4.2 code by 
incorporating RELAP5 resulting in computations in better agreement with the 
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experimental results. In their study, only the void fraction distribution for sub-cooled 
boiling flows was studied. More work could be carried out to investigate the overall heat 
transfer performance of  an impinging jet system.  
Basu et al. [2003] presented their numerical simulation of two-phase flow and 
boiling heat transfer using Fluent. In their study, RELAP5 was coupled into Fluent to 
improve the simulation model. Multiphase modes including Discrete Phase Model (DPM), 
Mixture Model, VOF Model (Volume-of-Fluid) and Eulerian Multiphase Flow Model 
were applied in their computational codes.  A numerical investigation of different bubble 
sizes and vapor volume fraction was carried out. Moreover, the case studies of nucleate 
boiling and film boiling by Fluent were presented.  
Khali et al. [2003] reported a numerical study of the boiling heat transfer in a 
heated channel. The VOF model (Volume-of-Fluid) was adopted to simulate boiling 
problem in the channel flow.  In their study, the gravity effects and conjugate heat transfer 
were discussed. Their prediction of vapor bubble development along the heated wall  
agreed well with the experimental results. However, the height of vapor bubbles was 
slightly underestimated in the simulation, compared with the experimental results.    
A compressible micro-scale impinging jet heat transfer using a commercial code 
STAR-CD was simulated by Pence et al. [2003]. They concluded that the target wall 
temperature decreased and Nusselt number increased with the increase of Mach number. 
Furthermore, the compressibility of fluid enhanced the predicted heat transfer because of 
increased density near the target surface. Because the jet velocity was too high in the 
simulation, it resulted in a high pressure drop between the inlet and outlet. Therefore it is 
not suitable for realistic cooling problems. 
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In Wang et al.’s study [1993], a new formulation of two-phase transport in a 
capillary porous media was developed with a two-phase mixture model. In their study, the 
flow field of two phases was presented and the effect of wall heat flux was discussed. 
Also, a multiphase mixture model was used by Cheng et al. [1996] to simulate multiphase 
multi-component transport in capillary porous media. This model, which made the 
computations less intensive, was applied to simulate infiltration and transport of non-
aqueous phase liquids (NAPLs) in the unsaturated subsurface. This mixture model could 
also be applied to simulation of two-phase problem in the impinging jet system.  
There were some numerical simulations of two-phase flow using Fluent as the 
main computational codes. Blažej et al. [2004] presented a simulation of two-phase flow 
for an experimental airlift reactor using Fluent as the computational tool. In their study, 
gas–liquid simulation of an airlift bubble column reactor was carried out. Moreover, 
vector of velocity magnitude for the mixture phase was shown, and a relationship between 
liquid phase velocity and superficial gas velocity was obtained. Similarly, a modeling of 
the three-phase flow (Gas–liquid–solid) in a bubble column was achieved by Glover et al. 
[2004] by Fluent. They obtained the volume fraction of liquid and solid. Also velocity 
vector of liquid and solid in the flow field was presented. The mixture model was also 
used in a numerical simulation of buoyant mixture flows by Nigam [2003]. In his work, 
contours of volume fractions, streamlines for the mixture velocity was displayed. In 
addition, volume fraction gradient-induced flow patterns in a two-liquid phase mixing 
layer was studied by Augier et al. [2003]. They measured the volume phase fraction and 
the continuous phase velocity in the two-dimensional flows. CFD modeling of bubble 
columns flow was carried out by Chen et al. [2004] with a three dimensional simulation 
method. The bubble population balance equation was implemented both in the two-fluid 
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model and in the algebraic slip mixture model. The simulations also captured the effects 
of increased superficial gas velocity and of surface tension on bubble size distribution in 
agreement with observations. Ghorai et al. [2006] modeled flow profiles and interfacial 
phenomena in two-phase flow in pipes using Eulerian model and commercial CFD 
package in Fluent 6.0. Their simulations validated the concept of interfacial roughness to 
account for gas–liquid interactions. And more, the pressure drop and velocity profile of 
two-phase flow were discussed. 
Genske et al. [2006] developed a model to simulate a single growing vapor bubble 
in nucleate boiling, which could be subdivided into three parts: a small, ring-shaped zone 
between heating wall and bubble (called micro-region), the bubble itself and its 
surrounding liquid (referred to as macro-region). For their purpose, it turned out that the 
flow pattern in the liquid around a growing vapor bubble was determined by the 
movement of the bubble surface, but also by the vapor flow inside the bubble. Velocity 
and temperature fields, heat fluxes, bubble contours and departure diameters were 
calculated for different fluids. Their simulation provided a good investigation on modeling 
the interface between water and vapor and heat mass transfer of two phases.  
Christopher et al. [2006] reported an investigation of subcooled nucleate boiling 
with jet flows emanating from the tops of the vapor bubbles. They analyzed the physical 
mechanisms driving the bubble and the jet flows from the tops of these moving bubbles. 
The velocity and temperature distributions around the bubble and the heated wire as the 
bubble moves along the wire were obtained from their simulation.  
Although many investigations as mentioned above were performed on numerical 
simulation of two-phase problem, more research needs to be carried out on two-phase 
impinging jet heat transfer. It is a challenging topic to simulate boiling problem under an 
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impinging jet, because the mechanism of boiling itself has not been understood very well. 
The purpose of the current study was to understand better the process of two-phase heat 
transfer under an impinging jet. It is not easy to take a major step forward in this 
challenging field, but the current investigation can contribute to a better the understanding 
of two-phase impinging jet heat transfer under particular operating conditions. The main 
work of the current study on the two-phase problem is to examine the effects of several 
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Impinging jet heat transfer is one of the flow configurations commonly used to 
cool or heat target surfaces. It is widely used in industrial applications ranging from 
drying of textiles and films, metal sheet manufacturing to gas turbine cooling. Due to its 
high local heat transfer rates, the impinging jet has found applications in the field of 
electronic component cooling.  
 
3.1 Description of the Basic Impinging Jet System 
An impinging jet is a simple flow configuration, in which a jet issuing from a 
nozzle hits usually perpendicularly on to a target plate (Fig. 3.1a). A characteristic feature 
of this flow arrangement is intensive local heat transfer between the fluid and the target 
plate.  
The main objective of this research was to study the possibility of jet heat transfer 
enhancement by control of vortex structures in the flow by varying various geometric and 
thermal parameters. For different operating conditions, the vortex or eddy structures were 
different. For example, for rough surface of the target plate, there are many small vortexes 
created and these vortexes affect the heat transfer performance significantly. Other 
operating conditions, e.g. use of heat sink and presence of a baffle affect the flow and, 
hence, heat transfer of the impinging jet system.  
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Fig. 3.1a Geometric configuration of an impinging jet system [Guellouz, 2003] 
 
 
Fig. 3.1b An impinging jet system with a scheme of its vortex structure [Tihon, 2005] 
 
The vortex structure originates from a shear layer, which is formed just ahead of 
the nozzle lip in area, where the fast flowing jet fluid mixes with the quiescent bulk fluid 
(Fig. 3.1b). The instability of the shear layer results in the roll-up of vortices, which are 
convected downstream and interact with the wall [Tihon, 2005]. This interaction is 
accompanied with an the unsteady flow separation. It is represented by random ejection of 
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the operating layer fluid and its replacement by the bulk fluid. The ejection and 
replacement process is postulated to increase the heat transfer rate on the wall. For the 
two-phase heat transfer, nucleate boiling and bubble creation, bubble flow are also 
involved and significantly affect the impinging jet heat transfer.  
In the current numerical and experimental investigation, parameters such as jet 
width, jet height, Biot number, fin structure and baffle have been examined. These results 
will be presented and discussed the late part of the thesis.  
 
3.2 Modeling of Single-phase Simulation 
In the current simulation work, a Computational Fluid Dynamics (CFD) model is 
used to simulate the process of impinging jet heat transfer.  This method provides the 
comprehensive modeling capabilities for a wide range of incompressible and compressible, 
laminar and turbulent fluid flow problems. This model incorporates a broad range of 
mathematical models for transport phenomena (e.g. heat transfer, mass transfer and 
chemical reactions etc.) and has the ability to model complex geometries. In the current 
single-phase simulation, a steady laminar flow and heat transfer under an impinging jet 
has been examined. The relevant physical model and operating conditions are given 
elsewhere in the thesis.  
The governing equations of for the steady laminar flow and heat transfer are as 
follows: 







                                                                                  (3.1) 
Momentum conservation equation 
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Energy conservation equation 
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In the current computation, the governing equations are discretized using a second-
order upwind interpolation scheme, and the discretized equations are solved by the PISO 
algorithm. Compared with the SIMPLE and SIMPLEC algorithms, PISO has a higher 
degree of accuracy for the approximate relation between the corrections for pressure and 
velocity. Typical relaxation factors in the computation are 0.3 and 0.7 for pressure and 
momentum, respectively. For energy, density and body force, the relaxation factors are all 
1. The solution is considered to reach a convergence when the normalized energy residual 
is lower than 10-6 and the normalized residuals of all the other variables are lower than    
10-5. Grid-independence tests are carried out routinely.  
 
3.3 Fundamental Theory of Boiling Heat Transfer 
In the current investigation, the jet impingement boiling belongs to convective 
boiling problem. However, the mechanism of impinging jet boiling problem is based on 
the pool boiling phenomena. Hence, it is necessary to understand the process of pool 
boiling problem very well before simulating the impinging jet boiling problem. In the pool 
boiling, when the surface temperature of the heater exceeds the saturation temperature of 
the liquid by a sufficient amount, vapor bubbles nucleate on the heater surface. When the 
bubbles grow large enough, they depart and rise up into the bulk liquid. Whether the 
bubbles collapse or continue their growth in the bulk depends on the liquid is locally 
 37
                                                                           Chapter 3 Fundamentals of Single and Two-phase IJHT 
 
subcooled or superheated. A main difference between pool boiling and impinging jet 
boiling is the jet flow will affect the process of bubble growth, departure and movement in 
the liquid.  
In order to model the boiling problem, it is necessary to understand the process of 
boiling phenomena. The process of a single bubble may be summarized to five stages: 
nucleation, initial growth, intermediate growth, asymptotic growth and possible collapse 
[Tong et al., 1997]. Nucleation is a process of a molecular-scale processin which a small 
nucleus of a size exceeds the thermodynamic equilibrium. Then the initial growth process 
follows. The nucleation size is controlled by inertia and surface tension effects. With the 
growth of bubble size, heat transfer becomes increasingly important and inertia and 
surface tension effects become less significant (intermediate stage). When the rate of heat 
transfer from the surrounding liquid to the bubble continues, the size of the bubble keeps 
growing until it departs the heater surface. If the bubble contacts the subcooled liquid, it 
may collapse. In the current investigation, the heat transfer performance of the boiling 
process is the main concern. Hence, parameters in the boiling process e.g. bubble size, 
bubble shape, departure diameters, departure frequency were not the main topic in the 
current investigation.   
Boiling at a heated surface is a very complicated process. In order to know the 
overall heat transfer performance from the heater to liquid and vapor bubbles, many 
parameters in the non-dimensional analysis were defined, e.g. the boiling number Bo , 
buoyancy modulus Bu , Euler number Eu , Froude number, Jakob number Ja , 
Kutaeladze numberB , Boiling Nusselt number  and Prandtl number  of a liquid, bNu LPr
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boiling Reynolds number , spheroidal modulus So , superheat ratio , Weber-
Reynolds number [Tong et al., 1997].  
bRe Sr
WeRe/
The boiling number Bo is the ratio of vapor velocity away from the heating 
surface to flow velocity parallel to the surface, V. The vapor velocity is evaluated on the 




′′=        (3.4) 
The buoyancy modulus Bu  is defined as the ratio of the density difference to the 
liquid density:  
L
GLBu ρ
ρρ −=        (3.5) 




Δ=         (3.6) 
where ρ can be the density of either the mixture or a single-phase component, and pΔ can 
be the frictional pressure drop of flow or the pressure difference across the operating of a 
bubble.  
The Jakob number Ja is the ratio of the sensible heat carried by a liquid to the 







ρ −=        (3.7) 
Which indicates the relaive effectiveness of liquid-vapor exchange.  
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 The Kutateladze number B is the coefficient in the correlation for the pool boiling 
crisis:  




′′=      (3.8) 
The boiling Nusselt number , or Nusselt number for bubbles, is defined as the 





′′= δ        (3.9) 
where δ is the thickness of liquid film; it can be of the same order of magnitude as a 
bubble diameter, or it may be chosen as some other dimension, depending on the physical 
model used.  
The Prandtl number of a liquid  is defined as the ratio of the kinematic 





c μ=Pr         (3.10) 
The boiling Reynolds number or bubble Reynolds number is defined as the 
ratio of the bubble inertial force to the liquid viscous force, which indicates the intensity 







ρ=Re        (3.11) 
On the basis of non-dimensional ratios, analytical models were obtained by 
researchers. Hsu et al. [1976] presented a correlation to compute the rates of heat transfer 
for mercury, water and other materials a saturation pressure of 1 atm.  
 40
                                                                           Chapter 3 Fundamentals of Single and Two-phase IJHT 
 









− 2/12π )     (3.12) 
where is coefficient of evaporation, is gas constant and M is molecular weight.  a gR
Forster et al. [1959], based on the vapor-liquid exchange mechanism, also 
proposed a correlation in the form of Eq. (3.13), using the definitions of and .  bRe bNu
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And the final equation becomes 
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where  is the work-heat conversion factor. As mentioned previously, the implication of 
a thermal-layer thickness of the order of the maximum bubble radius has been criticized 
by others.  
J
In the literature, there are more correlations on how to calculate heat flux during 
the boiling process. Each analytical model has its own application scope. Moreover, the 
operating conditions of the boiling process also affect the heat transfer significantly. The 
equations mentioned above are the basic analysis models of the pool boiling problem. For 
the impinging jet boiling process, there are more factors will be considered, e.g. inlet 
velocity, surface roughness, impinging orientation, superheat temperature and subcooled 
temperature etc.  
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3.4 Models for Multiphase Flow and Heat Mass Transfer  
Two-phase (boiling) heat transfer is a challenging topic because the mechanisms of 
the boiling problem are not well understood. It is difficult to simulate the reliable details 
of boiling process such as bubble generation, bubble size, bubble flow, mass transfer and 
heat transfer in the model. This investigation concentrated mainly on the heat and mass 
transfer during the boiling impinging jet heat transfer process. Hence, the main objective 
of this research was to evaluate the heat transfer performance of the impinging jet system.  
From Chapter 2, it is noted that there are many different models and codes to 
simulate the boiling heat transfer problem. Here, Fluent 6.2, incorporated with several 
User Defined Functions (UDFs) was used to simulate two-phase impinging jet heat 
transfer. Details of the essentials of multiphase modeling are presented in the following 
sections.   
 
3.4.1 Approaches to Multiphase Modeling 
Advances in computational fluid mechanics have provided the basis for greater 
insight in the dynamics of multiphase flows. Currently there are two approaches to the 
numerical calculation of multiphase flows: the Euler-Lagrange approach and the Euler-
Euler approach.  
In the Euler-Lagrange approach, the fluid phase is treated as a continuum by 
solving the time-averaged Navier-Stokes equations, while the dispersed phase is solved by 
tracking a large number of particles, bubbles, or droplets through the calculated flow field. 
The dispersed phase can exchange momentum, mass, and energy with the fluid phase. 
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However, the Euler-Euler approach is different with the Euler-Lagrange approach. Here, 
the Euler-Euler approach will be explained in details. 
 
3.4.2 The Euler-Euler Approach 
In the Euler-Euler approach, the different phases are treated as interpenetrating 
continua. In the boiling process, two phases, water vapor and liquid, occupy the whole 
flow region. These two volume fractions are continuous functions of space and time and 
their sum is equal to one. For each phase, three governing equations, i.e. mass, moment 
and energy conservation equations, are applicable separately.  
In Fluent 6.2, three different Euler-Euler multiphase models are available: the 
volume of fluid (VOF) model, the mixture model and the Eulerian model. Each model has 
its own characteristics and application scope. A brief description and comparison of these 
three models are presented in the following sections. 
 
The Volume Of Fluid Model (VOF model)  
The VOF model is a good surface tracking method and is widely applied to track 
interface between two or more immiscible fluids. In the VOF model, a single set of 
momentum equations is shared by the fluids, and the volume fraction of each fluid in each 
computational cell is tracked throughout the domain. In the literature, there are many 
applications of VOF model, especially in simulation of air bubble flow. Lörstad et al. 
[2004] reported a 3D bubble flow with high density using an improved VOF-model. They 
presented the air bubble in water rising due to gravity in Fig. 3.2. In order to improve VOF 
model, Renardy [2002] reported a parabolic reconstruction of surface tension for VOF 
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method. Taha et al. [2006] presented a numerical investigation of slug flow inside square 
capillaries containing Newtonian liquids using VOF model. In their study, a 
comprehensive description of such flow was obtained and a comparative study was 
conducted on the hydrodynamics of slug flow inside circular capillaries and their square 
counterparts. Annaland et al. [2005] reported a numerical simulation of gas bubbles 
behaviour using a three-dimensional volume of fluid method. They also presented an 
interface reconstruction technique based on piecewise linear interface representation.  
Other simulation works on interfacial flow between two phases were also carried out 
[Tang et al., 2005; Liovic et al., 2006].  
 
Fig. 3.2 Rising air bubble in water. Left: −x Velocity versus time.  Right: Shape and flow 
field at  for . The contour shown for8=t 32/ =hD ,1210 −=α
2
1 , and, .  12101 −−
Other than tracking the interface of fluids, the VOF model can be also simulate the 
following problems:  stratified flows, free-surface flows, filling, sloshing, the motion of 
large bubbles in a liquid, the motion of liquid after a dam break and the prediction of jet 
breakup etc.  
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The Mixture Model 
The mixture model is designed to simulate heat and mass transfer for two or more 
phases (fluid or particulate). In the mixture model, the phases are treated as 
interpenetrating continua. The mixture model solves for the mixture momentum equation 
and prescribes relative velocities to describe the dispersed phases. The multiphase mixture 
model was used by Cheng et al. [1996] to simulate multiphase multi-component transport 
in capillary porous media.  This model, which made the computation less intensive, was 
applied to numerically investigate infiltration and transport of non-aqueous phase liquids 
(NAPLs) in the unsaturated subsurface. Hossain et al. [2003] reported CFD investigation 
of particle deposition and distribution in a horizon pipe using the multiple mixture model 
in Fluent. In their study, effects of particle size, particle density and Reynolds number on 
the deposition and dispersion in the horizontal pipe were obtained.   
Other numerical investigations on multiphase phase using mixture model were 
carried out in the literature [Ayub et al., 2006, Behzadmehr et al., 2006]. The mixture 
model can be applied to the following problems: particle-laden flows with low loading, 
bubbly flows, sedimentation and cyclone separators. The mixture model can also be used 
without relative velocities for the dispersed phases to model homogeneous multiphase 
flow. 
 
The Eulerian Model 
The Eulerian model is the most complex model in the multiphase models. It solves 
a set of n  momentum and continuity equations for each phase. Other than having similar 
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equations in the mixture model, there are many more equations to solve various 
parameters e.g. exchange coefficient of between phases, various viscosities and turbulence 
models etc. Hidayat et al. [2005] reported a simulation of gas and particle flows in a U-
bend, using the Eulerian–Eulerian model in Fluent. In their study, variables e.g. particle 
diameter, particle density, particle volume fraction, gas velocity and bend radius ratio 
were studied.  Their investigation could optimize gas velocity and bend radius ratio, which 
was important in reducing energy consumption. Ghorai et al. [2006] reported a CFD 
modeling of flow profiles and interfacial phenomena in two-phase flow in pipes using the 
Eulerian model. The Eulerian model can also be applied in the simulation of gas–solid 
fluidized bed reactor [Taghipour et al., 2005]. Other than the applications mentioned 
above, applications of the Eulerian multiphase model also include bubble columns, risers, 
particle suspension etc.  
 
3.5 General Guidelines of Model Selection 
In general, each model has its own characteristics and application scope.  
Guidelines of selecting multiphase simulation models are presented in Table 3.1.  
In the investigation of two-phase impinging jet heat transfer, the main interest of 
this study is to examine the heat transfer performance of impinging jet systems. In the 
current topic of modeling two-phase problem, the volume fraction of vapor phase may 
exceed 10% near the target plate with high heat flux. Moreover, liquid and vapor move at 
different velocity in the impinging jet region. Hence, the mixture model, incorporated with 
several UDFs, may be the most appropriate model in Fluent 6.2.  
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Table 3.1 Guidelines of selecting multiphase simulation models 








For bubbly, droplet, 
and particle-laden 
flows in which the 
dispersed-phase 
volume fractions are 
less than or equal to 
10% 




For bubbly, droplet, 
and particle-laden 
flows in which the 




For bubbly, droplet, 
and particle-laden 
flows in which the 












transport or fluidized 





For slurry flows 
and hydrotransport 





3.5.1 Overview and Limitations of the Mixture Model 
The mixture model is a simplified multiphase model that can be used to model 
multiphase flows where the phases move at different velocities. It can also be used to 
model homogeneous multiphase flows with very strong coupling and the phases moving at 
the same velocity. The mixture model can model  phases (fluid or particulate) by solving 
the momentum, continuity, and energy equations for the mixture, the volume fraction 
equations for the secondary phases and algebraic expressions for the relative velocities. 
The limitations of the mixture model are listed as follows:  
n
1) Must use the segregated solver; 
2) Only one of the phases can be defined as a compressible ideal gas, but there is no 
limitation on using compressible liquids using user-defined functions; 
3) The LES turbulence model cannot be used with the mixture model; 
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4) The second-order implicit time-stepping formulation cannot be used with the 
mixture model. 
3.6 Conservation Equations and Other Equations 
In this section, the conservation equations and other relevant equations are 
presented. The mixture model solves the continuity equation for the mixture, the 
momentum equation for the mixture, the energy equation for the mixture and the volume 
fraction equation for the secondary phases, as well as algebraic expressions for the relative 
velocities if the phases are moving at different velocities. 
 
Continuity equation for the mixture  
( ) ( ) 0=⋅∇+∂
∂
mmm vt
ρρρ       (3.16) 
where mv
ρ







ρ∑ == 1 ρρ        (3.17) 
 








ρρ            (3.18) 
 
kf  is the volume fraction of phase k .   
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Momentum Equation  
The momentum equation for the mixture can be obtained by summing the 
individual momentum equations for all phases. It can be expressed as: 








          (3.19) 
where is the number of phases,n F
ρ








μμ        (3.20) 
kdrv ,
ρ  is the drift velocity for secondary phase : k
mkkdr vvv
ρρρ −=,         (3.21) 
 
Energy equation for the mixture 
The energy equation for the mixture takes the following form: 









ρρ ρ             (3.22) 
where  is the effective conductivity effk ( )( )∑ + tkk kkf  , where is the turbulent thermal 
conductivity, defined according to the turbulence model being used. The first term on the 
right-hand side of Eq. (3.22) represents energy transfer due to conduction.   includes 
any other volumetric heat sources.  
tk
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For a compressible phase, and kk hE =  for an incompressible phase, where  is 




From the continuity equation for secondary phase , the volume fraction equation 
for secondary phase can be obtained:  
p
p






, &&ρρ ρρρ )               (3.23) 
  
Other than conservation equations mentioned above, there are other equations in 
the mixture model to simulate various parameters, e.g. relative (slip) velocity, drift 
velocity and volume fraction equation for the secondary phases, etc.. These equations and 
description are presented in the appendix.  
In the current investigation, settings of numerical solution were set as follows: 
relaxation factors of pressure, momentum and volume fraction were 0.5, 0.2 and 0.4 
seperately; “body force weighted” method was applied for pressure discretization, and 





A source code with several UDFs (User-Defined-Functions) was written and 
compiled to Fluent. In the source code, heat and mass transfer for two phases water and 
vapor were included to solve the boiling process. In the source code, the calculation of 
energy during the boiling process was written in a function of mixture phase. The 
calculation of mass transfer through the interfaces between the liquid and vapor phase 
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were written in the two functions of liquid and vapor, respectively. In the simulation, the 
saturated temperature was set as 373 K. When the liquid temperature was larger than 373 
K, liquid was changed to vapor.  
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Chapter 4 Effects of Geometric Parameters on Confined IJHT 
 
 
This chapter presents results of a numerical investigation of parametric effects on a 
confined impinging jet heat transfer. The current study was in the scope of single phase 
heat transfer and a laminar flow with Reynolds number ranging from 26.8 to 1000. 
Parameters, i.e. Nusselt number, Reynolds number, WH / , were examined. In this chapter, 
distributions of target surface temperature, local and average Nusselt number along the 
target plate were obtained. Additionally, the pressure drop for different WH / in the 
impinging jet system was studied.    
 
4.1 Problem Description 
4.1.1 Basic Information  
A schematic diagram of impinging jet heat transfer is shown in Fig. 4.1. The target 
plate is a simulated silicon chip with a constant heat flux applied from the bottom of the 
target plate. The top surface of the target plate is cooled by an impinging jet with a 
uniform inlet velocity. Physical properties of the working fluids are assumed to be those at 
a temperature of 310 K (Table 4.1). A dielectric fluid (HFE-8401) is selected as the 
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Table 4.1 Properties of chip and dielectric fluid properties (T = 310 K) 
 
Properties HFE-8401 Silicon Chip 
Density ρ  (Kg/m3) 1481.5 2330 
Thermal conductivity k (W/m·K) 0.069 100 
Thermal capacity pC (J/kg·K) 1183.0 712 
Viscosity μ (kg/m·s) 5.53x10-4 - 
 
Table 4.2 Boundary conditions of the impinging jet system 
 
Parameters Values 
Jet width W (mm) 0.6~2.0 
Jet heightH  (mm) 0.5~10.0 
Length of target plate L (mm) 10.0 
Length of nozzle l (mm) 2.0 
Inlet velocity v (m/s) 0.005~0.622 
Reynolds number Re  26.8~1000 
Initial jet temperature 0T (K) 293 
Heat flux q (W/cm2) 0.6 
 
 
Fig. 4.1 Schematic diagram of the impinging jet domain  
 
4.1.2 Numerical Simulation 
In this simulation, the Computational Fluid Dynamics (CFD) tool Fluent 6.1 is 
used. When solving the governing equations, only one half of the impinging jet domain is 
calculated due to its symmetric property of the impinging flow in the domain. Grids near 
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the target plate are the finest; becoming coarse from the stagnation point to the perimeter 
and from the bottom to the top (Fig. 4.2).  The fluid area had a mesh of 70x280 and the 
target plate had a mesh of 25x280. Grid-independence tests are conducted for each case. 
 
Fig. 4.2 Grid information of the right half computational domain of the impinging jet 
system  
 
When solving the governing equations, the following boundary conditions are 
applied: 1) The bottom surface of the target plate provides a constant heat flux; 2) The 
confined surface is considered to be adiabatic; 3) The inlet velocity is kept uniform; 4) A 
pressure outlet operating condition is assumed at the exit; 5) Symmetry operating 
conditions are applied along the symmetric axis. The governing equations and settings of 
parameters in the computation are those for single phase heat transfer as presented in 
Chapter 3.   
 
4.2 Calculation of Thermal Parameters  





x −=        (4.1) 
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where xq  (W/m
2) is the local heat flux from the top surface of the target plate to the fluid 
(different from the constant heat flux applied to the bottom surface of the target plate); 
here, wT  (K) is the target surface temperature; 0T  (K) is the initial jet temperature. The 




WhNu ⋅=        (4.2) 
where xh  (W/m
2•K) is the local heat transfer coefficient; W  (m) is the jet width; 
fk  (W/m•K) is the thermal conductivity of the working fluid; 




WhNu ⋅=        (4.3)  
where xh  (W/m





h       (4.4)  
 
4.3 Results and Discussion 
The effects of jet width W and jet height H on the impinging jet heat transfer are 
examined and discussed in this section. Jet Reynolds number Re effect was also discussed.  
Local and average Nusselt numbers for various cases were obtained to evaluate the heat 
transfer performance of the impinging jet systems. The pressure drops between inlet and 
outlet were also studied. Finally, surface roughness of the target plate and the inlet 
velocity profile were analyzed.  
                                                                 Chapter 4 Effects of Geometric Parameters on Confined IJHT 
 56
Because of the absence of experimental data for these particular operating 
conditions, the simulation results were compared with Narumanchi’s simulation results by 
another numerical solver [Narumanchi, 2003]. For the case with the operating condition of   
W  = 2 mm, H  = 5 mm and Re = 26.8, the difference between Narumanchi’s and current 
simulation results were within 1.5%. The agreement was noted to be very good. 
 
4.3.1 Effect of Jet Width W  
In this section, effect of jet width W  on impinging jet heat transfer with W  
ranging from 0.6 mm to 2.0 mm was studied. Distributions of local surface temperature 
and local Nusselt numbers along the target plate are presented in Fig.s 4.3 and Fig. 4.4. 
Other parameters, e.g. mass flow rate, H and Re were kept constant.  
Distributions of surface temperatures along the plate with WH / as parameter are 
presented in Fig. 4.3. It is observed from Fig. 4.3 that the temperature distributions for 
various W are nearly uniform along the target surface due to the conjugate heat transfer 
involved in the target plate. Heat conduction along the horizontal direction in the target 
plate made the surface temperature uniform. However, there were slight differences in the 
degree of uniformity for different jet widths. The distributions for small jet widths were 
less uniform compared with those for the large jet widths, because the jet velocity and 
stagnation heat transfer coefficient were higher for small jet widths. More heat fluxes were 
removed and lower surface temperature was achieved at the stagnation area for small jet 
widths. 






















































H = 5.0 mm
W0 = 2.0 mm
 
Fig. 4.4 Distributions of local Nusselt numbers xNu along the plate with WH / as a 
parameter 
 
Fig. 4.4 shows the distributions of local Nusselt numbers for WH / ranging from 
2.5 to 8.3 (W from 0.6 to 2 mm). From the stagnation point to the exit, the local Nusselt 
numbers increased slightly, then decreased quickly, and finally increased a little at the exit. 
With the increase of thermal operating layer, local Nusselt numbers decreased quickly 
along the target plate. For the small jet widths from 0.6 mm to 1.0 mm, there were obvious 
increases of local Nusselt numbers near the stagnation area, while, the increases of Nusselt 
numbers were very slight for large jet widths from 1.0 mm to 2.0 mm. From Fig. 4.4, it 
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can also be seen that the peaks of local Nusselt numbers were all located at 14.0/ 0 =Wx . 
This result agreed very well with those reported in the literature on Nusselt number 
distribution [Poh et al., 2004]. The heat transfer coefficient at the stagnation point was not 
the highest point along the target plate because impinging jet velocity decreased to zero at 
the stagnation point. However, a slight increase of exit velocity and change of flow 
direction resulted in a slight decrease of thermal operating layer near the exit. Hence, there 
was a little bit increase of local Nusselt numbers near the exit. At the stagnation point, the 
local Nusselt numbers decreased from 5.8 to 3.5 when WH / increased from 2.5 to 8.3. 
The local Nusselt number distribution was determined by the local heat transfer 
coefficient and the jet width (Eq. (4.2)). In fact, the local heat transfer coefficient 
increased about twice when WH / increases from 2.5 to 8.3. The main reason was the 





















Fig. 4.5 Relationship between pressure drop and WH /  
 
However, with the decreases of Nusselt numbers and the increases of heat transfer 
coefficients, the pressure drop between the inlet and outlet of the impinging jet system 
also increased significantly (Fig. 4.5). The pressure drop increased faster than the decrease 
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of the jet width. The pressure drop increased about four times when WH / increased from 
2.5 to 8.3. Therefore, higher pressure pump is required in order to enhance heat transfer 
performance for smaller jet widths.  
 
4.3.2 Effect of Jet HeightH   
In this section, local Nusselt numbers were obtained to evaluate the heat transfer 
performance of the impinging jet system. The jet height H ranged from 0.5 mm to 10 mm 
































Fig. 4.6 Distributions of local Nusselt numbers xNu along the plate with WH / as a 
parameter  
 
Distributions of local Nusselt numbers along the target plate with variable H/Ws 
are presented in Fig. 4.6. At the stagnation point, the local Nusselt number for WH / = 
0.25 was almost five times of that for WH /  = 5. The local Nusselt number depended 
mainly on the local heat transfer coefficient. When WH /  varied from 0.25 to 5.0, the 
local Nusselt numbers increased considerably not only in the stagnation area but also in 
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the downstream area. It was caused by the increase of the flow velocity along the plate 
asH decreased. When WH / was larger than 1, the heat transfer coefficient in the wall jet 
region was not affected apparently by change of H . The main possible reason was that 
the flow properties did not change largely near the target plate when H  changed. From 
Fig. 4.6, it is shown that the local Nusselt numbers decreased fast from 4.0/ 0 =Wx to 
9.0/ 0 =Wx for the ratio WH /  increasing from 0.25 to 0.5. The main reason was that there 
were large circulations created in the impinging flow between 0/ 0 =Wx and 4.0/ 0 =Wx  
for the small WsH / . Therefore the local heat transfer coefficients in the downstream of 
these circulations were much lower than that in the upstream. Additionally, the decrease 
of WH / yielded a sharp increase of the pressure drop between inlet and outlet, hence, 
increased Nusselt numbers were associated with higher pumping pressure.  
The relationship between the local Nusselt numbers at the stagnation area and 
WH / is presented in Fig. 4.7. Under the definition of the local Nusselt number (Eq. (4.2)), 
the local Nusselt numbers at the stagnation area decreased with increase of WH /  for 
various values of H  and W . For lower WH / s, i.e. from 0.25 to 2, the local Nusselt 
numbers at the stagnation area decreased fast with the increasing WH / ; however, for 
higher WH / s, i.e. from 4.2 to 8.3, the local Nusselt numbers decreased very slow with 
the increasing WH / . It could provide useful information for the design of the impinging 
jet system.  
                                                                 Chapter 4 Effects of Geometric Parameters on Confined IJHT 
 61





























Fig. 4.7 Relationship between the local Nusselt numbers xNu  and WH /  at the stagnation 
area 
 
4.3.3 Effect of Jet Reynolds Number 
It is obvious that an increasing Reynolds number enhances the heat transfer 
coefficient with other parameters invariable. The main objective of the current study was 
to obtain the relationship between average Nusselt number and Reynolds number. 
Distributions of the local Nusselt numbers along the target plate with Reynolds numbers 
increasing from 26.8 to 250 are demonstrated in Fig. 4.8. It can be seen that the curves of 
different Reynolds numbers are similar except larger fluctuation of the local Nusselt 
number appearing in the cases with higher Reynolds numbers. The relationship between 
the average Nusselt numbers, Reynolds numbers and WH / are indicated in Fig. 4.9. With 
the increase of Reynolds number, average Nusselt numbers increase faster at the lower 
Reynolds numbers than those at higher Reynolds numbers.  




























Fig. 4.8 Distributions of local Nusselt number mNu along the plate with Re as a parameter  
 
 
Fig. 4.9 Correlation between the average Nusselt number mNu , Reynolds number Re and 
WH /  
 
4.3.4 Effect of Surface Roughness 
The effect of surface roughness of the target plate on heat transfer performance 
was also examined in the current investigation. Here, three types of rough surfaces were 
selected: rectangular wave, sine wave and triangular wave (as shown in Fig. 4.10). Twenty 
waves of each type were created along the target plate and the distance between apex and 
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nadir was kept identical for each wave. The height of the roughness element, which was 
defined by the distance between the apex and nadir, was 0.5 mm. Hence the roughness 
element and the gap of the conjoint roughness elements were both of length 0.25 mm. 
Distributions of the surface temperature of these three types of roughness are indicated in 
Fig. 4.11. The average Nusselt numbers of sine, rectangular, triangular surfaces and 




























Fig. 4.11 Distributions of surface temperature along the rough target plate with Re = 80 
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The predicted temperature of the sine roughness was the highest, then that of the 
rectangular roughness, followed by the triangular roughness and smooth plate. The 
temperatures of the rough target plates were higher than those of a smooth flat plate 
because the working fluid got trapped as recirculation eddies in the cavities between crests 
of the wave of the rough plates; this significantly reduced the flow velocity near the 
surface. For the detailed analysis of impinging jet eddies, Tsubokura et al. [2003] 
investigated the eddy structure in the impingement process.  For the different rough types, 
the heat transfer coefficients were also differed under the same other operating conditions. 
For the sine wave roughness, the thermal operating layer was continuous and complete 
because the surface of sine wave was still smooth along the plate. The thermal operating 
layers of triangular and rectangular wave roughness, however, were not continuous since 
they were broken up by the sharp angles on the waves. Therefore, the temperatures of the 
sine wave surface were higher than those of the other two wave patterns. Compared with 
the triangular roughness, more fluid was blocked in the cavities in rectangular roughness, 
which yielded a higher surface temperature over the whole plate with rectangular wave 
roughness elements. Therefore, smooth target plate was the best choice for the single 
phase laminar impinging jet heat transfer under current operating conditions. The effect of 
surface roughness on two-phase problem is discussed in chapter 8.  
For the effect of surface roughness on the heat transfer performance, contrast 
results in turbulent jet flow were reported by a few researchers. Beitelmal et al. [2000] 
reported that an increase of up to 6% of the average Nusselt number was achieved due to 
surface roughness. Reynolds number of the impinging air jet was ranging from 9600 to 
38500. Another report on heat transfer augmentation for air jet impinged on a rough 
surface was presented by Chakroun [1997]. The average Nusselt number showed an 
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increase ranging from 8.9% to 28% for the rough surface with Reynolds number ranging 
from 6500 to 19000. From these comparisons and analysis, it should be cautious to say the 
effect of surface roughness on the heat transfer performance of the impinging jet system. 
Many factors, e.g. the working fluid, Reynolds number ( laminar flow or turbulent flow) 
and fluid state (single phase or two phase heat transfer), influenced the overall heat 
transfer largely.  
 
4.3.5 Effect of the Inlet Velocity Profile  
The inlet velocity profile was expected to affect jet impingement heat transfer 
especially in the stagnation zone. In the current investigation, a uniform velocity was 
assumed. Actually, the inlet velocity profile in the experiment might not perfectly uniform 
but be parabolic or non-uniform. In this case, the velocity was not fully developed because 
the jet length was not long enough. The operating conditions were as follows: jet length 
2=l  mm, jet width W  = 0.6 mm, jet height =H  5 mm, WH /  = 8.3, Re = 250, inlet 
average velocity 0.156 m/s.  
W = 0.6 mm; H= 5 mm;





















Fig. 4.12 Comparison of local Nusselt numbers for different profiles of inlet velocity 
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Local Nusselt number distributions for a uniform inlet velocity and for a parabolic 
velocity with the same other operating conditions are compared in Fig. 4.12. The local 
Nusselt number at the stagnation point for parabolic velocity was about 6% higher than 
that for the uniform velocity. The main possible reason was that the local velocity at the 
axis was highest for the parabolic velocity profile. This shape of the inlet velocity profile 
contributed to the increase of local Nusselt numbers at the stagnation areas. However, in 
the downstream region, the local Nusselt numbers for the parabolic inlet velocity profile 
were slightly lower than those for the uniform one. Finally, for the average Nusselt 
number of the whole target plate for those two velocity profiles were almost the same. 
Therefore, the profile of inlet velocity did not affect the overall heat transfer performance 
largely.  
 
4.4 Summary of Chapter 
In this chapter, the effects of various geometric parameters on single phase 
impinging jet heat transfer were examined and discussed. Jet widthW , jet height H , and 
surface roughness of the target plate are the important factors influencing the heat transfer 
performance of the impinging jet systems. Several conclusions were summarized as 
follows. 
1. With the decrease of jet width W  and jet heightH , heat transfer coefficient 
and Nusselt number increase were enhanced. However, pressure drop from the 
inlet to the outlet increased even faster.  
2. Target surface roughness generally deteriorated the heat transfer performance 
for the single phase laminar flow in the impinging jet systems. The main 
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reason was that working fluid was trapped as recirculation eddies in the 
cavities of the rough plates.  
3. The relationships between xNu , mNu , WH / and Re were obtained. 




Chapter 5 Conjugate Heat Transfer under a Confined IJ 
 
 
This chapter presents the computation of conjugate heat transfer in the 
impinging jet system. In impinging jet systems, heat is usually applied to the bottom 
surface of the target plate, then spreads to the whole target plate, finally it is removed 
by impinging flow. In this process of heat flow, the target plate also plays an important 
role heat transfer performance except the impinging flow region. The aim of the 
current investigation was to examine the effect of the target plate on the overall heat 
transfer process. Here, various target plates with a wide range of thermal conductivities 
from 0.15 to 387.6 W/m·K were examined. Correlations of local and average Biot 
numbers and thermal conductivities of the target plates were generalized. Moreover, 
relationships between local and average Nusselt numbers and average Biot number 
were also obtained.  
 
5.1 Problem Description 
The geometry and most of the operating conditions of the impinging jet system 
in this chapter are similar with those in chapter 4 (as shown in Fig. 4.1).  The main 
difference is the material property of the target plates, which are listed in Table 5.1. 
Other operating conditions used in this investigation are presented in Table 5.2. On the 
basis of these operating conditions, the temperature differences between inlet and 
outlet for all working fluids are less than 1 K. Hence, the effect of temperature on fluid 
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properties can be ignored. The mesh structure and computation settings of the current 
investigation are similar to those described in chapter 4.  







Copper 8978 387.6 381 
Aluminum 2719 202.4 871 
Nickel 8900 91.7 460.6 
90Cu-10Al 8360 56 420 
Steel 8030 16.3 502.5 
Titanium 4850 7.44 544.3 
CaCO3 2800 2.25 856 
Glass plate 2707 0.76 836.8 
Dry Brick 1810 0.52 837.4 
Asbestos 577 0.15 816.4 
 
Table 5.2 Operating conditions of the impinging jet system 
Parameters Values 
Jet width W (mm) 0.6 
Jet heightH  (mm) 5.0 
Length of target plate L (mm) 10 
Inlet velocity (m/s) v 0.16 
Reynolds number  Re 250 
Initial jet temperature (K) 0T 293 
Heat flux (W/cmq 2) 0.6 
 




hBi δ⋅=                    (5.1) 
where  (W/mxq
2) is local heat flux from the top surface of the target plate to the fluid, 
which is different from the constant heat flux applied at the bottom surface of the 
target plate. Because of the effect of conjugation, the uniform heat flux applies at the 
bottom of the plate became non-uniform at the target-jet operating.  is the thermal 
conductivity of the target plate. 
pk
 The average Biot number  is shown in Eq. (5.2). mBi
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hBi δδ      (5.2) 
The local Nusselt number  and average Nusselt number  were defined as Eqs. 
(4.2) and (4.3).  
xNu mNu
 
5.2 Results and Discussion 
Biot number is a measure of the internal thermal resistance and surface film 
resistance. It is a useful dimensionless number to evaluate conjugate heat transfer 
problems. An investigation of the Biot number for the conjugate heat transfer in the 
impinging jet system were carried out and correlations of Biot number, Nusselt 
number and thermal conductivity were obtained.  
 
5.2.1 Relationship between ,  and   xBi mBi pk
The surface temperature distributions along the target plates are presented for 
the target plates with a wide range of thermal conductivities in Fig. 5.1. The 
distributions of temperature along top surfaces of the target plate were more uniform 
for the target plates with high thermal conductivities as expected. Conversely, the heat 
fluxes along the target plate were more uniform for the target plates with low thermal 
conductivities (Fig. 5.2). These differences resulted from the conjugate heat transfer in 
the impinging jet system. Heat fluxes applied from the bottom surface of the target 
plate conducted in the target plate. The temperature distributions in the target plate, 
other than the influence of the impingement, mainly depended on the thermal 
conductivities of the plate. Hence, the degrees of uniformity of temperature 
distributions for different target plates were obtained.  
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W = 0.6 mm;
H = 5.0 mm;
Re = 250;
v = 0.16 m/s
 






























 kp decreases W = 0.6 mm;
H = 5.0 mm;
Re = 250;
v = 0.16 m/s
 
Fig. 5.2 Distributions of heat flux along the target plate for variable s xq pk
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W = 0.6 mm;
H = 5.0 mm;
Re = 250;
v = 0.16 m/s
 
Fig. 5.3 Distributions of the local Biot number  for different material target plates  xBi
 
The distributions of the local Biot number  along the target plate are shown 
in Fig. 5.3. The curves of the distributions (referring to Eq. (5.1)) were similar for 
different target plates, because the distributions of local heat transfer coefficients for 
different plates were similar, as shown in Fig. 5.4. The local heat transfer coefficient 
increased a little at the stagnation area of the target plate due to the increase of 
horizontal velocity of the impinging flow. Then the local heat transfer coefficient 
decreased gradually due to the increase of operating layer thickness along the target 
plate as the flow proceeded downstream. Near the exit region, the local heat transfer 
coefficient increased a little because of a slight increase of the fluid flow velocity near 
the outlet. It also found that local heat transfer coefficients for high thermal 
conductivity materials were lower than that for low thermal conductivity materials. 
Similar results were obtained by Wang et al. [1989]. In their study, they reported that 
the local heat transfer coefficient became higher when the ratio of the liquid heat 
transfer coefficient and solid heat transfer coefficient increased. The local heat transfer 
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difference between target surface temperature and initial jet temperature. Hence, the 
temperature different was not the wall surface temperature and the local temperature of 
the working fluid. Therefore, the current local heat transfer coefficient was different 
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In terms of Eq. (5.2), the average Biot numbers were obtained from the 
distributions of the local Biot numbers. Average Biot numbers varied significantly 
because the thermal conductivity of the target plate varied from 0.15 W/m•K to 387.6 
W/m•K. The distribution of average Biot number for the aluminum target plate is 
demonstrated in Fig. 5.5. It can be seen that the distribution of the average Biot 
numbers is more uniform than the local Biot number along the target plate.  
Empirical correlations between Biot number and heat transfer conductivity of 
the target plate  were obtained on the basis of the current simulation results as 
shown in Fig. 5.6. The correlation between the local Biot number at the stagnation 
point and thermal conductivity of the plate is given as Eq. (5.3). The correlation 
between average Biot number and thermal conductivity is generalized as Eq. (5.4). 




−= pkBi       (5.3) 
0267.13146.0 −= pm kBi       (5.4) 
 
Local Bi = 0.6235k-0.9996
R2 = 1



















Fig. 5.6 Correlations between local, average Biot numbers and thermal conductivities  
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For the conjugate heat transfer in the impinging jet system, Biot number 
affected mainly the distributions of heat flux and temperature along the target plate. 
Surface temperature distributions for the target plates with small Biot number were 
more uniform than those with large average Biot numbers. However, the distributions 
of heat flux for the target plates with large Biot numbers were more uniform than those 
with small Biot numbers.  Hence, different target plates with different Biot numbers 
could be selected to meet the requirement of uniform target plate temperature or 
uniform heat flux distributions.  
 
5.2.2 Relationship between ,  and   xBi mBi Nu
The effects of Biot number on local and average Nusselt number is presented in 
Fig. 5.7 and Fig. 5.8. Distributions of the local Nusselt numbers along the target plate 
with variable Biot numbers are shown in Fig. 5.7. The profiles from top to down are as 
follows with Biot number decrease from 2.2 to 0.0007 in turn: Asbestos, Brick, Glass, 
CaCO3, Titanium, Steel, Cu-Al, Nickel, Aluminum and Copper. The relationship 
between average Nusselt number and average Biot number is shown in Fig. 5.8. The 
average Nusselt number increased 18% when average Biot number increased from 
0.0007 to 2.2. The heat transfer coefficient between the impinging flow region and the 
target plate decreased slightly when the thermal conductivity of target plate increased.  
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Fig. 5.7 Distributions of local Nusselt number  for variable Biot numbers along 




















W = 0.6 mm;
H = 5.0 mm;
Re = 250;
v = 0.16 m/s
 
Fig. 5.8 Correlation between average Biot number and average Nusselt number  
 
From Fig. 5.7, it seems that the local Nusselt numbers for various target plates 
with different average Biot numbers were almost the same at the stagnation area and 
near the outlet. However, there are apparent differences, which result from the 
combined influence of heat flux and temperature difference in the other region. Hence, 
the properties of the target plates affected the ultimate thermal performance of the 
impinging jet system. It can be observed in Fig.s 5.6 and 5.8 that high thermal 
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conductivities of the target plates corresponded to low Biot numbers and low Biot 
numbers corresponded to relatively low average Nusselt numbers.  
 
5.2.3 Selection of Target Plate 
This chapter provides the numerical investigation of impinging jet heat transfer 
for various target plates. The heat transfer performance, temperature distributions and 
heat flux distributions were examined and compared for different plates. The criteria of 
selecting target plate depended on the demand of degree of surface temperature 
uniformity, average Nusselt number of the system and feasibility of practical 
applications. For example, if a high degree of surface temperature uniformity is needed, 
it is recommended to use copper or aluminum, but average Nusselt numbers of copper 
and aluminum are slightly lower than the other materials with higher Biot numbers 
under the same other operating conditions. In the industrial application, maybe brick, 
glass and CaCO3 are not so feasible because the demand of target plate thickness is 
very thin.  
 
5.3 Summary of Chapter 
The current investigation presents the conjugate heat transfer in the impinging 
jet system with different target plates. Various target plates with a wide range of 
thermal conductivities from 0.15 W/m•K to 387.6 W/m•K were examined. The 
correlations between the local and average Biot numbers and thermal conductivities of 
the target plates were generalized. Moreover, the relationships between local and 
average Nusselt numbers and the average Biot number were also obtained. The local 
Nusselt numbers increased with the increase of average Biot numbers along the target 
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plate except the stagnation area. While, at the stagnation area, the local Nusselt 
numbers kept almost the same for different target plates. In addition, the values of 
average Nusselt numbers also increased slightly with the increase of average Biot 
numbers. Finally, the selection of target plate was discussed. They depended on several 
elements, i.e. the degree of temperature uniformity, average Nusselt number  and 








Chapter 6 Simulation of Laminar IJHT to Finned Heat Sinks 
 
 
In this chapter, the conjugate heat transfer under a confined impinging jet using a 
plate-fin heat sink as the target plate (and hence to improve the design of the impinging jet 
system) is discussed. Effects of geometric parameters such as fin number, fin height and 
fin-to-spacing ratio have been examined over a range of jet Reynolds numbers using a 
dielectric fluid FC-72 as the working fluid. Thermal resistance, pressure drop and Nusselt 
number were the main criteria used to evaluate the thermal and fluid dynamic performance 
of the impinging jet system. Here, the effects of fin height , fin-to-spacing ratio  
and jet Reynolds number on the heat transfer performance were obtained. The concept of 
an effective Nusselt number was introduced to evaluate the heat transfer effectiveness of 
heat sinks for different fin numbers.  
fH ff SW /
 
6.1 Problem Description 
6.1.1 Basic Information  
A schematic diagram of the impinging jet system is presented in Fig. 6.1. A 
dielectric fluid, FC-72, issues from a 0.2 mm width slot jet with a uniform initial velocity 
and impinges on a finned copper target plate. The length and width of the heat sink are 
each 12.8 mm. The jet with the initial temperature of 300 K flows symmetrically towards 
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the left and right sides which are confined by adiabatic confined walls. The flow is in the 
laminar region with the jet Reynolds number from 147 to 1470. A uniform heat flux  of 
4.34 W/cm2 is applied at the bottom surface of the heat sink. The properties of FC-72, air 
and copper are listed in Table 6-1. The thermal properties of the working fluids are 
assumed to be constant in the temperature range of interest. 
q
 
Table 6.1 Properties of FC-72, air and copper at the temperature of 300 K 
Properties FC-72 Air Copper 
Density ρ (Kg/m3) 1594 1.225 8978 
Thermal conductivity   (W/m·K) k 0.054 0.027 387.6 
Specific heat capacity (J/kg·K) pC 1101 1.005 381 
Viscosity μ  (kg/m·s) 4.33x10-4 1.79x10-5 - 
 
 
6.1.2 Numerical Simulation 
The mesh generation of the computational domain used is presented in Fig. 6.2. 
Due to the symmetry of the impinging flow in the region, only half a fin and half a 
channel are selected as the computational domain. The grids near the finned surface and 
the stagnation area are the finest. The number of grids depends on the fin height  and 
fin width . For most of the cases, the numbers of grids for the jet width W , the fin 
width , the fin height  and the fin length were selected as 10, 10, 20, 65, 
respectively. Grid-independence tests were conducted for each case. Three types of 15% 
increased grids were compared. Their differences of simulation results were within 2% 
and it was considered to be grid-independent. The governing conservation equations are 
the similar to the previous chapters as the current problem is also the single phase heat 
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Fig. 6.1 A three dimensional configuration of the impinging jet system with a plate-fin 






Fig. 6.2 Three dimensional mesh generation of the computational domain 
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Table 6.2 Parameters of the impinging jet system 
Initial velocity v (m/s) 0.2~2 
Jet Reynolds number  Re 147~1470 
Jet initial temperature (K) 0T 300 
Heat flux  (W/cm2) q 4.34 
Jet width W (mm) 0.2 
Fin width (mm) fW 0.16~2.3 
Fin height (mm) fH 0.5~3.0 




6.1.3 Formulations of Parameters  
The average heat transfer coefficient is calculated using the following equation.  







      (6.1) 
where  is the heat flux applied from the bottom surface of the heat sink;  is the 
average temperature of the heat sink. In fact, the temperature distribution in the heat sink 
is very uniform due to the high thermal conductivity of the target plate material copper. 
Here  is the nitial temperature of the impinging jet;  is the bottom surface area of the 
target plate;  is the area of the “total top surface” of the heat sink consisting of the 
geometric areas of the side and top surfaces of the fins and the top surface of the target 
plate between fins.  can also be considered as the surfaces of the heat sink which 
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The effective Nusselt number, , is defined by Eq. (6.2). This Nusselt number, 
which is different from the “true” Nusselt number, is used to evaluate the thermal 





WhNu ⋅=                     (6.2) 
fk is the thermal conductivity of the working fluid FC-72; W  is the width of the slot jet.  




0−=θ          (6.3) 
Q  is the total heat applied from the bottom of the target plate.  
 Additionally, the pressure drop computed in the current work is defined as the 
pressure drop between the inlet and exit of the impinging jet system.  
 
6.2 Results and Discussion 
In this work, thermal resistance, pressure drop and effective Nusselt number were 
selected as the main heat transfer criteria to evaluate the thermal and hydro dynamic 
characteristics of the impinging jet system. The effects of geometric parameters, e.g. the 
fin number, fin height and fin-to-spacing ratio, on the thermal and hydro dynamic 
performance were studied to optimize the design of the heat sinks. Here, the initial 
velocity ranged from 0.2 to 3.0 m/s and jet Reynolds number varied from 147 to 1470.   
 
6.2.1 Effect of Fin Number 
In the current investigation, the relationship between the effective Nusselt number 
and the fin number is presented in Fig. 6.3. The values of the effective Nusselt number 
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fluctuate when the number of fins ranges from 3 to 40. From Eq. (6.1) and (6.2), it can be 
found that the effective Nusselt number was determined by  and .  Because the 
change of  was not as large as , a few peaks in Nusselt number values occured as 
shown in Fig. 6.3. When the fin number was at 5, the effective Nusselt number reached 
the maximum value of 6.0. At the fin number of 10 and 30, the effective Nusselt numbers 
were 5.86 and 5.59, respectively. This effective Nusselt number did not demonstrate the 
overall heat transfer performance of the heat sink. However, the thermal resistance of the 





























T0 = 300 K
 
Fig. 6.3 Relationship between the effective Nusselt number and fin number  
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T0 = 300 K
Re = 736
 
Fig. 6.4 Relationship between thermal resistance and fin number for air and FC-72 
 
From Fig. 6.4, it is observed that the thermal resistance decreases fast for the low 
fin numbers, while it decreases only marginally for the large fin numbers. Considering the 
thermal resistance and effective Nusselt number simultaneously, the fin number of 10 was 
a good choice for the impinging jet system under the current operating conditions. Here, 
the thermal resistance for FC-72 and air as the working fluids were compared for the same 
Reynolds number. The thermal resistances for FC-72 was much lower than that for air. 
Hence, the dielectric fluid increased the heat transfer effectiveness significantly.  
The pressure drop increased slightly with the increase of fin number due to the 
increase of flow friction in the impinging jet system. However, because the same fin-to-
spacing ratios for all the types of heat sinks were applied in these cases, the pressure drops 
for different fin numbers did not vary greatly. Therefore, the impinging jet system with 
larger fin number did not require considerably more power to drive the working fluid. In 
the industrial application, heat sinks with very large fin number are not recommended 
because it dramatically increases the demand of fabrication. From the discussion above, it 
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can be concluded that the selection of fin number depends on the thermal resistance, 
effective Nusselt number and fabrication feasibility. Under the current operating 
conditions, the fin number of 10 is a good selection for this investigation.  
 
6.2.2 Effect of Fin Height  fH
The fin height was also an important parameter considered in the current study. 
The range of fin heights tested was from 2.5 W to 15 W. The evaluation of dimensionless 
analysis of thermal resistance and pressure drop with Reynolds number and fin height as 
the variables were obtained.   
fH
The velocity vector plot in the impinging flow field between two adjacent fins is 
presented in Fig. 6.5.  When the jet flow impinged onto the target plate, the vertical 
velocity decreased gradually to zero from the inlet to the stagnation area. Simultaneously, 
the horizontal velocity increased gradually from the stagnation area to the exit. In the flow 
region, small reverse vortices were created between the two adjacent fins. These vortices 
made the temperature distribution in the heat sink more uniform.   
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Fig. 6.5 Three dimensional plot for the velocity vector in the impinging jet flow between 
the two adjacent fins 
 
Fig. 6.6 shows that the thermal resistance decreases sharply as the jet Reynolds 
number increases from 147 to 500; while, it remains almost constant for the jet Reynolds 
number above 900. From Fig. 6.7, it can also be seen that the pressure drop increases 
significantly with the increase of jet Reynolds number, especially for Re larger than 900. 
Therefore, there is an optimum jet Reynolds number around 700 which provides a low 
thermal resistance of heat sink and a low pressure drop as well, under the conditions tested. 
For the same jet Reynolds number, the pressure drops for the large fin heights are slightly 
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higher than that for the low fin heights.  The trends of thermal resistance, pressure drop 
and jet Reynolds number are similar to those of Brignoni’s experimental results [1999]. 
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Referring to Fig. 6.6 and Fig. 6.7, the thermal resistance decreases largely with the 
increase of fin height as expected. This trend for different fin heights agreed well with 
Maveety et al.’s results [2000]. For Reynolds number at 147, the thermal resistance 
decreased from 7.52 K/W to 4.49 K/W when the fin height increased from 2.5 W to 15 W.  
Moreover, the pressure drop remained almost constant for all the fin heights. Hence, the 
higher the fin height, the less was thermal resistance. But the heat transfer coefficient and 
effective Nusselt number did not increase a lot with the increase of fin height due to the 
increase of contact areas. Moreover, the fin height was limited by the spacing between the 
impinging jet and the target plate.  
 
 
6.2.3 Effect of Fin-to-spacing Ratio  ff SW /
Another parameter discussed in the current investigation was the fin-to-spacing 
ratio , which was a ratio between a single fin width  and the spacing  
between the two adjacent fins. Here, the relationships between the pressure drop, thermal 
resistance 
ff SW / fW fS
afθ  and jet Reynolds number Re , fin-to-spacing ratio  were analyzed. 
A comparison of thermal resistances between FC-72 and air for various jet Reynolds 
numbers was performed.  
ff SW /
From Fig. 6.8 and Fig. 6.9, it is seen that the fin-to-spacing ratio does not affect 
largely the thermal resistance of the heat sink and pressure drop of the impinging jet 
system. For the same jet Reynolds numbers, the pressure drop for the large fin-to-spacing 
ratio was slightly higher than that for the small fin-to-spacing ratio, because more pressure 
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was needed to drive the working fluid through the smaller channel between two adjacent 
fins for the large fin-to-spacing ratios. Furthermore, the thermal resistance of the large fin-
to-spacing ratio was slightly lower than that of the small fin-to-spacing ratio, which 
resulted from a slight increase of the flow velocity between the plate fins for the large fin-
to-spacing ratios. The maximum difference between the pressure drops for different ratios 
at the same Reynolds numbers was within 5%. From the experimental results of Sasao et 
al.. [2001], the fin spacing did not affect significantly the thermal resistance and pressure 
drop too. The main reason was that the variation of fin width did not change area per unit 
length along the target plate. Additionally, the increase of the contact area between the 




























Fig. 6.8 Relationship between the pressure drop and jet Reynolds number for various fin-




































Fig. 6.9 Relationship between the thermal resistance and fin-to-spacing ratio for various 
jet Reynolds numbers 
 
 
Wf/Sf = 1.0; 
Hf = 7.5 W; 























Fig. 6.10 Comparison of the thermal resistances between FC-72 and air for various jet 
Reynolds numbers 
 
A comparison of thermal resistance between FC-72 and air is presented in Fig. 
6.10 for a fin-to-spacing ratio of 1.0. For the same jet Reynolds number range, the thermal 
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resistance of FC-72 is much lower than that of air. Thermal resistances of air and FC-72 
decreased from 37.7 to 8.5 K/W and from 5.25 to 1.63 K/W, respectively as the jet 
Reynolds number increased from 147 to 1470.  The common characteristics of these two 
fluids are that the thermal resistance decreases little at jet Reynolds number above 900.  
 
6.3 Summary of Chapter 
In this chapter, a numerical investigation was carried out to study the effects of 
plate-fin heat sink on the heat transfer performance of the impinging jet system. The 
following conclusions can be drawn from the current investigation:  
1. Under the current operating conditions, the impinging jet system with a fin 
number of 10 yielded a high value of the effective Nusselt number and a low value of 
thermal resistance. The pressure drops from the inlet to the exit of the impinging jet 
system did not vary considerably when the fin number was in the range of 3 to 40.   
 2. The thermal resistance of the heat sink decreased significantly with the increase 
of the jet Reynolds number Re less than 500, however, it remained almost constant for Re 
larger than 900. Pressure drop of the impinging jet system increased only slightly for Re 
less than 700, but increased much faster for Re larger 700.  
3. Thermal resistance of the heat sink decreased as the fin height increased; 
however, the pressure drop remained almost constant independent of the fin height. 
4. With increase of fin-to-spacing ratio , Thermal resistance ff SW / afθ  decreased 
slightly and pressure drop increased slightly.  
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Chapter 7 Numerical Investigation of Baffle Effect on IJHT 
 
 
This chapter presents results and discussion of a numerical study carried out to 
examine the effect of introducing a baffle in the jet flow on heat transfer under a confined 
impinging jet using water as the fluid medium. An inserted baffle affect the impinging jet 
flow and finally influence the heat transfer performance of the impinging jet system. The 
objective of this investigation was to obtain the optimal location and orientation of the 
baffle to maximize the average heat transfer rate on the target plate under the current 
operating conditions. Different orientations, locations and lengths of the baffle have been 
tested. In the current study, the baffle length L , horizontal distance of baffle-to-axis X and 
vertical distance of baffle-to-plate Y, orientation angle α  and friction factor are the main 
parameters to examine the baffle effect on the thermal performance of the impinging jet 
system. Local and average Nusselt numbers and friction factor are introduced to evaluate 
the thermal and fluid dynamic performance of the impinging jet system.  
 
7.1 Problem Descriptions 
7.1.1 Operating Conditions  
A schematic diagram of the impinging jet system is presented in Fig. 7.1. A two-
dimensional model is used in the current investigation. A working fluid, water, issues 
from a slot jet with the width of 0.5 mm and a uniform initial velocity 1.0 m/s. The 
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impinging jet passes through a baffle and then impinges on a copper target plate. The jet 
flows symmetrically towards the left and right sides which are confined by adiabatic walls. 
The flow is in the laminar region with a jet Reynolds number of 500. A uniform heat flux 
q of 10 W/cm2 is applied on the target plate. The properties of water and copper are listed 
in Table 7.1. The thermal properties of the working fluid are assumed to be constant in the 
temperature range of interest. The location of the baffle is described with reference to the 
coordinate of the right bottom corner of the baffle. The orientation angle α  is the angle 
between the baffle and the symmetric axis.  
 
 
Fig. 7.1 Configuration of the impinging jet system with an inserted baffle 
 
7.1.2 Numerical Simulation 
In order to save the computation time, only the left side of the impinging system is 
selected as the computational domain taking advantage of its symmetry. The grid spacing 
near the stagnation area and target plate surface is the finest. The number of grids is also 
relative to the location and orientation of the baffle. For the most runs, a mesh of 80x120 
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is applied. Grid-independence tests are conducted for all the cases. The governing 
equations and operating conditions are similar with those in previous chapters.   
Table 7.1 Properties of water and copper at the temperature of 310 K 
Properties Water Copper 
Density ρ (Kg/m3) 998.2 8978 
Thermal conductivity  (W/m·K) k 0.6 387.6 
Specific heat capacity pC  (J/kg·K) 4182 381 













Initial velocity  (m/s) v 1.0 
Jet Reynolds number  Re 500 
Jet initial temperature 0T  (K) 300 
Heat flux q  (W/cm2) 10 
Jet width W (mm) 0.5 
Jet height X (mm) 3 
Baffle width  (mm) bw 0.05 
Baffle length  (mm) bl 0.5~3.0 
Plate length L (mm) 5 
 
7.1.3 Formulation of Parameters  
In the current study, average Nusselt number is the main parameter used to 




∫= L xm dxNuLNu 0
1                         (7.1) 
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k
WhNu xx




x −=               (7.3) 
Where  is the local Nusselt number along the target plate;  is the local heat 
transfer coefficient; q  (W/m
xNu xh
2) is the heat flux applied from the target plate;  is the 




In the current study, there are many parameters, e.g. the location of the baffle X 
and Y, length  and width  of baffle, orientation direction of the baffle bl bw α , impinging 
jet width W , flow velocity v , density of the fluid ρ and viscosity of the fluid μ . The 
Pressure drop of the impinging flow through the baffle is a function of the following 
parameters:  
( )μρα ,,,,,,,1 WLVXvfctP =Δ             (7.4) 






Xfctf              (7.5) 
Where Reynolds number      μ
ρvW=Re  
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7.2. Results and Analysis 
In this section, the simulation results of the declined baffle, vertical baffle and 
horizontal baffle are presented. The baffle effects on the heat transfer performance have 
been discussed for different orientations, locations and length of baffle. The local and 
average Nusselt numbers, friction factor and stream functions are shown in the following 
sections.  
 
7.2.1 Orientation of Baffle 
Here, a declined baffle for different orientations was examined. The orientation 
angle α  ranged from 0° to 180° with an interval of 15° for each case. In the current 
simulation, the right bottom corner of the baffle was fixed at X= 0.4 W, X = 2.0 W, and 
the baffle revolved 15° counter clockwise for each case. Generally, large eddies were 
created on the back of the declined baffle. Moreover, the sizes and locations of eddies 
were affected by different orientations of the baffle. Therefore, the baffle orientation 
impacted the surface temperature distribution and overall heat transfer rate significantly.  
Stream functions in the flow field are presented in Fig. 7.2 for the baffle 
orientation angles α of 30°, 60°, 120°, and 150°.  It is clear that as the orientation angle 
varies, the locations and sizes of the large eddies (circulation zones) will change. They 
directly influenced the surface temperature, local Nusselt number distribution and heat 
transfer performance as shown in Fig. 7.3. Finally, the average Nusselt numbers shown in 
the following sections were also affected significantly.  
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Fig. 7.3 Local Nusselt number distributions along the target plate for various baffle 
orientations 
The average Nusslet number distributions for various baffle orientations are 
presented in Fig. 7.4.  It is observed that the values of the average Nusselt number 
fluctuates as the orientation angle increases from 0° to 180°.  Three peaks of the average 
Nusselt numbers were obtained when the orientation angle of 45°, 105°, and 150°. The 
 98
                                                                   Chapter 7 Numerical Investigation of Baffle Effect on IJHT 
maximum value of of 9.0 for all these cases occurs at the orientation angle mNu α  of 150°. 
One possible reason for the phenomenon could result from the orientation of the 
impinging jet flow and eddies created by the baffle. The inserted baffle changed the 
impinging flow significantly and finally affected the heat transfer performance of the 
impinging jet system. For the orientation angle of 150°, eddies created in the flow made 
the surface temperature lower for cases with the same heat fluxes. The velocity of the 
impinging flow when passing through the baffle also affected the heat transfer rate 
significantly. For example, when the orientation angle was near 90°, the vertical velocity 
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Fig. 7.5 Relationship between the friction factor and the baffle orientation angleα  
 
The friction factor, which is mainly determined by the pressure drop between the 
inlet and outlet for the cases with similar geometries, is presented in Fig. 7.5. For the 
orientation angles ranging from 0° to 90°, the friction factor was relatively lower than 
orientation angles ranging from 90° to 180°. When the impinging jet passed through the 
baffle for orientation angles from 0° to 90°, the flow was compressed and the velocity 
increased. A higher velocity was achieved through the baffle, which made the jet flows to 
the outlet easier and faster. Therefore, the friction factors were relatively lower for 
orientation angles from 0° to 90°.  
 
7.2.2 Locations of Vertical Baffle  
A vertical baffle, which disturbed the impinging flow, located above the target 
plate. For the cases of vertical baffle, two variables, the horizontal distance from the baffle 
to the symmetric axis X and the vertical distance from the baffle to the target plate Y, 
were used to examine the heat transfer performance of the impinging jet system. Different 
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baffle locations and baffle lengths were tested. The heat transfer performance for different 
baffle locations varied significantly. The average Nusselt number was used to evaluate the 





















Fig. 7.6 Relationship between the average Nusselt number  and the vertical distance Y 
at X = 0.4 W  
mNu
The  values corresponding to vertical distance Y at X = 0.4W  are presented 
in Fig. 7.6. The maximum value of  is at Y = 1.6W . When Y ranged from 0.4 to 0.8 
, X was very small and the horizontal velocity near the stagnation was relatively high. 
It resulted in a lower temperature at the stagnation area. Hence, when X increased from 
0.4W to 0.8W , there was a drop for because flow velocity decreased at the stagnation 
area. When Y increased from 0.8W to 1.6W ,  reached to a peak. The possible reason 
was that the large eddies created on the back of the baffle dominated the overall heat 
transfer and made the downstream plate temperature lower. For Y from 1.6W to 4.0W , 
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It is observed that the relationship between and X for the vertical baffle is 
shown in Fig. 7.7. The maximum  of 6.7 was obtained at X = 0.8 W . When X 
increased from 0.4W to 0.6W ,  decreased slightly, because the vertical velocity of 
the impinging jet near the stagnation areas decreased. At X = 0.8W , the temperature at the 
stagnation areas and the downstream areas were relatively lower, which resulted from the 
combination of the impinging flow velocity and the large eddies. As the horizontal 
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Fig. 7.7 Relationship between the average Nusselt number  and the horizontal 






























An optimal length of the vertical baffle was obtained corresponding to the 
maximum  in Fig. 7.8. Various lengths of the baffle generated different impinging 
flow and resulted in different heat transfer performance for the impinging jet system. 
Hence, the length of the baffle was also a parameter which influenced significantly the 
heat transfer rate. As the baffle separated the impinging flow, different proportions of the 
separated flow affected the overall heat transfer performance. From the current numerical 
investigation, the optimal length of the vertical baffle  = 3.5W  was obtained under the 
current operating conditions.  
mNu
bl
The friction factor for the vertical baffle was also studied in the current 
investigation. For both the different baffle lengths and different baffle locations, the 
friction factor did not vary largely. The main reason was that the impinging jet just 
bypassed the baffle and was not compressed by the baffle. The values of the friction factor 
were near to those of the orientation angles from 90° to 180°.   
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7.2.3 Locations of Horizontal Baffle 
For the horizontal baffle, the parameters selected were similar to those in the 
vertical baffle. The relationship between  and Y at X = 0.4W is presented in Fig. 7.9.  
The maximum  was obtained at Y = 1.2 W. For the cases with low values of Y, the 
heat transfer coefficient near the stagnation areas was relatively higher, but it was 
relatively lower at the downstream areas. However, for the cases with high values of Y, 
the heat transfer coefficient near the stagnation areas was low, but it was high at the 
downstream areas. The average numbers changed significantly as the vertical distance 
increased. The main reason was that the change of the vertical distance affected the size 
and location of large eddies significantly, which can be clearly observed in their stream 
functions. Therefore the surface temperature of the target plate was influenced greatly.  
From Fig. 7.9, the optimal vertical distance Y of 1.2W was obtained under the current 
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Fig. 7.9 Relationship between the average Nusselt number and the vertical distance Y 
at X = 0.4 W 
mNu
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Fig. 7.10 Relationship between the average Nusselt number and the horizontal 
distance X at Y = 3.0 W  
mNu
 
The maximum  was be obtained at X = 0.4 W in Fig. 7.10.  At X = 0.4 W, the 
optimal impinging flow, which corresponded to the highest overall heat transfer 
coefficient,   was created. The reasons for this case were quite similar with those for the 






















Fig. 7.11 Relationship between the average Nusselt number  and the ratio between 
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The relationship between and baffle length is shown in Fig. 7.11. In this 
investigation, the baffle length ranged from 0.5W to 5.0W . The maximum  of about 
10.3 was obtained at  = 4.0 W .  The optimal length was also affected by the length of 




The friction factor for the horizontal baffle was also studied in this investigation. 
The values of the friction factor only fluctuated in a small range, because the pressure 
drops for these cases did not change obviously. The reason was similar with the cases of 
the vertical baffle.   
 
 
7.3. Summary of Chapter 
In this chapter, the inserted baffle effects on the impinging jet system were 
obtained for different orientations, locations and lengths of the baffle. The average Nusselt 
numbers for various cases were obtained to evaluate the heat transfer performance of the 
impinging jet system.  
From this prediction, over the ranges examined several optimal cases were 
obtained under the current assumption conditions. The optimal orientation angle was 150° 
between the baffle and the symmetric axis. For the vertical baffle, the optimal length was 
3.5 W and the optimal location at X = 0.8 W , V = 2.0 W . For the horizontal baffle, the 
optimal length was 4.0W and the optimal location was at X = 0.4 W , Y = 1.2 W .  The 
friction factor of the overall impinging jet flow system varied for cases of different 
orientation angles, but not significantly for the cases of vertical baffle and horizontal 
baffle. This simulation work could be useful for the design of an actual impinging jet 
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system for the impingement cooling. The baffle can be used to tailor the heat transfer 
distribution along the target plate. 
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Chapter 8 Numerical Simulation of Two-phase IJHT 
 
This chapter presents a numerical investigation of two-phase impinging jet heat 
transfer using the mixture model by fluid dynamics method. The working medium is the 
mixture of liquid water and water vapor generated by the boiling process. The effects of 
subcooled water temperature, inlet velocity and superheat of target plate on two-phase 
impinging jet heat transfer have been studied in the current simulation. A comparison of 
numerical and experimental results shows a good agreement. On the basis of the verified 
simulation model, the simulation has been extended to the micro-scale impinging jet 
system. Additionally, the surface roughness effect on the impinging jet system is also 
studied.  
 
8.1 Problem Description 
8.1.1 Operating Conditions 
The mechanism of two-phase impinging jet heat transfer is totally different from 
that of the single phase problem. Boiling is involved in the two-phase problem, hence, 
coupled heat transfer and mass transfer take place concurrently. The theory and details of 
the simulation model for the two-phase problem are presented in Chapter 3 of this thesis.  
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The geometry of the two-phase impinging jet system is similar to that of  the single 
phase system. Properties of water vapor and liquid water used in the current simulation are 
listed in Table 8.1. As water temperature varied in impinging jet flow region and change 
with calculation time, a user-defined function (UDF) for water properties is written to 
obtain the correct water property values in the Fluent. Parameters of the two-phase 
impinging jet heat transfer system that is engaged in the simulation runs are listed in Table 
8.2. The surface temperature of the target plate  is always higher than the saturation 




Table 8.1 Properties of vapor and water  
Properties Vapor (at 373 K) Water (at 300 K) 
Density ρ (kg/m3) 0.5977 996 
Specific heat capacity  (J/kgpC ·K) 2028 417.4 
Thermal conductivity (W/mk · K) 0.0248 0.62 
Viscosity μ (kg/m·s) 1.2023e-05 8.6e-04 
 
Table 8.2 Parameters and operating conditions in the two-phase impinging jet heat transfer 
system 
Parameters values 
Jet width W (mm) 0.6 
Jet height H (mm) 5 
Target plate length L /2(mm) 5.5 
Length of impinging flow region  (mm) 15 
Inlet velocity  (m/s) v 0~3.0 
Subcooled water temperature  (K) subT 1~77 
Inlet temperature   (K) 0T 296~372 
Saturation temperature   (K) satT 373 
Target plate temperature   (K) wT 374~398 
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8.1.2 Numerical Simulation 
A non-uniform mesh was used in the simulation as shown in Fig. 8.1. Grid-
independence has been tested for three meshes, e.g. 40x90, 45x100 and 50x110. The 
differences in simulation results were within ±2% and the results therefore considered to 
be grid-independent. A multiple mixture model was applied in a 2D unsteady simulation. 
The computation started from single phase heat transfer and the initial water temperature 
in the impinging region was set the same as the inlet jet temperature. With the evolution of 
time step, the water temperature above the target plate was heated and reached to the 
boiling point. Thereafter, the boiling phenomena in the flow region occurred. In the 
computation, one iteration time step was 0.01 second. Three types of time steps 0.005 s, 
0.01 s and 0.02 s was tested.  The differences of heat fluxes between these three cases 
were within 3% and here the independence for the time step was considered to be reached. 
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A source code with UDFs (User-Defined-Functions) was written and compiled to Fluent. 
In the source code, heat and mass transfer for two components water and vapor were 
included to solve the boiling process. A more details on the mixture model and UDFs was 
presented in Chapter 3. In simulation, settings of the numerical solutions were as follows: 
relaxation factors for pressure, momentum and volume fraction were 0.5, 0.2 and 0.4 
respectively; the “body force weighted” method was applied for pressure discretization, 
and the “quick” method was applied for momentum and volume fraction descretization.  
 The inlet velocity , subcooled water temperature, , and superheat target plate 
temperature, , are the main parameters in examining the thermal and physical 
performance of the impinging jet system. The subcooled water temperature, , and 





0TTT satsub −=         (8.1) 
satwer TTT −=sup        (8.2) 
 
8.2 Results and Discussion 
In the current numerical investigation, thermal performance in the impinging jet 
system was the main concern. Details of tracking vapor and water interface was not 
studied here. In the following sections, the effects of various parameters in the impinging 
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8.2.1. Effect of Subcooling 
A range of subcooled water temperature from 1 K to 77 K was selected in 
examining the effect of subcooled water on the boiling heat transfer. Other parameters 
were set as follows: initial velocity v  of 0.2 m/s and superheat temperature of target plate 
 of 20 K. Computed relationship between heat flux of the target plate and subcooled 
water temperature is presented in Fig. 8.2. The heat flux of the target plate increased from 
10.1 W/cm
erTsup
2 to 44.7 W/cm2 when the subcooled water temperature increased from 1 K to 
77 K according to the simulation results. The maximum difference between simulation 
and experimental results was 9.6%. From the experimental and simulation results, it could 
be found that the subcooled water temperature influenced the heat transfer performance of 
the impinging jet system significantly. There were around four times increase of heat 
removal for increasing from 1 K to 77 K. Therefore, if the boiling impinging jet is 
applied to the industry, the inlet jet temperature should be set as low as possible.  
subT
Since the geometry and operating conditions are not the same for the current 
investigation and the literature, only the trend of the curve is comparable. The trend of the 
heat flux curve of the current investigation agrees well with their results. Another 
investigation of the subcooling effect on critical heat flux with a plane wall jet was 
performed by Wang et al. [1997]. They obtained a new correlation to predict the critical 
heat flux including subcooled conditions. The trend of subcooling effect on boiling 
process is also similar to the current results.  
Computed temperature contours are presented in Fig. 8.3 at time step t = 1 s. Since 
the heat flux only distributed on the target plate area, vapor was generated near the target 
plate. In the flowing region, the vapor flowed up due to the buoyancy of vapor and was 
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pushed to the downstream concurrently due to the impingement. Therefore, a large eddy 
appeared and located from the stagnation point to the end of the target plate.  This eddy 
facilitated the heat and mass transfer and made the temperature distribution more uniform 
in the impinging region. For the cases of low subcooled water temperatures, more water 
vapor was generated and located near the top confined wall. For the cases of high 
subcooled water temperatures, the water vapor generated near the target plate were 
condensed to liquid water in the impinging region.   
 
H = 5.0 mm;
 W = 0.6 mm;
 v = 0.2 m/s;
Re = 120; 
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Fig. 8.2 Comparison of heat flux between simulation and experimental results for different 
subcooled water temperatures  subT
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Fig. 8.3 Temperature contours in the impinging flow region for different subcooled water 
temperatures at t = 4 s 
 
 
8.2.2. Effect of Inlet Velocity  v
In the current study, the inlet jet velocities ranging from 0 to 3.0 m/s were 
examined. The Reynolds numbers ranged from 0 to 1800. In these cases, the subcooled 
water temperature was kept at 73 K.  
A comparison of the heat flux between simulation results and experimental results 
for different inlet velocities v  is presented in Fig. 8.4. For a low inlet velocity v= 0.05 
m/s, the difference between simulation and experimental results was 31%, which was 
largest for the cases of different inlet velocities. A possible reason was that there was 
greater error involved for the flow meter when measuring a low level of inlet velocity in 
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the experiment. Moreover, the inlet velocity of the slot jet nozzle in experiment was not as 
uniform as that in the simulation. Additionally, compared with the cases of high inlet 
velocities, the experimental runs of the low inlet velocities were tougher to reach the 
stable state during the boiling process. For the cases with larger inlet velocities, most of 
the differences between simulation and experimental results were within 15%. In the 
simulation, the runs became tougher to converge for the high inlet velocities. The main 
reason was that the movement of liquid water and vapor in the impinging region enhanced 
the instability of the computation.  
Boiling impinging jet heat transfer was also studied by Qiu et al. [2005]. Their 
investigation mainly focus on critical heat flux with water, ethanol, R-113 and R-11 as the 
working fluids. Similar effects of the inlet velocity on the two-phase problem were 
achieved although the values were not the same due to different operating conditions and 
geometries.  
H = 5.0 mm; 
 W = 0.6 mm; 
Tsub = 73 K;  
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Fig. 8.4 Comparison of heat fluxes between simulation and experimental results for 
different inlet velocities    v
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In Fig. 8.5, it can be seen that a large flow eddy was created and moved away from 
the stagnation area to the downstream with the evolution of time. The configuration of the 
impinging flow was significantly affected by the geometry of the impinging jet system. 
This geometry of impinging jet system was called confined impinging jet. If there were 
only top confined wall and bottom target plate (semi-confined impinging jet), there was 
mostly a small eddy created in the top of wall jet region. Distributions of the temperature 
contours in the impinging region are also presented in Fig. 8.6. When the time step is 0.5 
second, very few vapor was generated and they mainly distributed close to the target plate. 
The most amounts of vapor was located near the end of the target plate. Hence, the water 
temperatures near the end of the target plate were relatively higher than those of other 
regions.  It can be found that the temperatures in the eddy center were lower than the 
outside of the eddy. With the evolution of time, the average temperature of the impinging 
flow region increased gradually and the temperature distributions became more uniform. 
In the computation, when the time step was larger than 4 seconds, the heat flux of the 
target plate did not fluctuate largely although more vapors were generated in the 
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Fig. 8.5 Velocity vector distributions in the impinging flow region for different time steps 
with the inlet velocity  = 0.2 m/s v
 
 
Fig. 8.6 Distributions of temperature contours in the impinging flow region for different 
time steps with the inlet velocity v  = 0.2 m/s 
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The distributions of the velocity vectors and temperature contours for different 
inlet velocities at time step  s are presented in Fig.s 8.7 and 8.8. It can be seen in Fig. 
8.7 that more eddies are created in the impinging region when the inlet velocity increased. 
For the case of non-impingement (inlet velocity of zero), a large eddy was generated due 
to the buoyancy of vapor. For the cases of low inlet velocities, e.g. = 0.1, 0.2 and 0.4 m/s, 
the only one large eddy was generated above the target plate. For the cases of high inlet 
velocities, e.g. = 1.0, 1.5, 2.0 and 3.0 m/s, eddies were also generated in the downstream 
region other than the region above the target plate. In the computation of the two-phase 
problem, the heat fluxes for the cases of various inlet velocities, except the non-
impingement, did not fluctuate largely with the evolution of time. It meant the simulation 
of the boiling problem was quite stable. For the case of non-impingement, it was a 
phenomenon of pool boiling, therefore the water temperature in the region increased 
gradually with the evolution of time and heat flux from the target plate declined gradually 





Fig. 8.7 Distributions of velocity vectors in the impinging region for different inlet 
velocities at t  = 4 s 
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Fig. 8.8 Distributions of temperature contours in the impinging flow region for the 
different inlet velocities at t  = 4 s 
 
 
In the distributions of the temperature contours (Fig. 8.8), the average temperatures 
of the flow region for the low inlet velocities, e.g. 0.02 and 0.05 m/s, were higher than 
those for the high inlet velocities, e.g. 2.0 and 3.0 m/s. For the high inlet velocities, the 
vapor generated collapsed quickly. For the low inlet velocities, water temperatures above 
the end of the target plate were higher than other regions. The high temperature water 
flowed upward along the eddy and increased the overall temperature of the impinging 
region. Also, more vapors were generated for the low inlet velocities, and they flowed 
along the eddy. Finally they collapsed when encountering subcooled water.   
 
8.2.3. Effect of Superheat Target Plate  
In the current investigation, a range of superheat temperature of the target plate 
from 1 K to 25 K was selected to examine the effect of superheat target plate on the two-
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phase problem. The range of superheat temperatures was relatively narrow compared with 
the usual investigation of superheat wall in the boiling process because the temperature of 
electronic components was usually controlled below 398 K (125˚C). Hence, the critical 
heat flux of the boiling process was not investigated here. The inlet velocity was kept at 
m/s and subcooled water temperature was kept at 2.0=v 73=subT K.  
A comparison of heat fluxes between simulation and experimental results for 
different superheat temperatures of target plate is shown in Fig. 8.9. Here, the largest 
difference between the numerical and experimental results was 22.1% at a superheat 
temperature  K. For the cases of low superheat temperatures, the agreements 
between the numerical and experiments results were close. In the simulation, the cases of 
low superheat temperature were more stable than those of high superheat temperature; e.g. 
the fluctuations of the heat fluxes for the case of  = 2 K were within 0.5% and the 
fluctuations for the case of = 25 K were within 3%. However, the fluctuations of the 
experiment were much higher than those of the simulation. In the experiment, the 
fluctuations for the case of  = 2 K were within 2.0 % and the fluctuations for the case 
of = 25 K were within 15%. Therefore, each experimental case ran for several 
minutes and the average value was obtained. Additionally, in the experiment, vapor 
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 H = 5.0 mm;
 W = 0.6 mm; 
V = 0.2 m/s; 
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Fig. 8.9 Comparison of heat fluxes between the simulation and experimental results for 
different superheat temperatures of the target plate   
 
 
v = 1.1 m/s;
W = 3 mm;
























Fig. 8.10 Comparison of heat flux between simulation and experimental results for 
different superheat temperatures of the target plate   
 
In the literature, although many investigations on superheat effect on two-phase 
impinging jet system were performed by researchers, e.g. Monde et al. [1984], Kandula et 
al. [1989], Ma et al. [1993], Kandlikar et al. [1999], He et al. [1999], Zhou et al. [2003] 
etc., there were rarely the exact experimental data available to compare under the current 
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operating conditions. Bartoli et al. [1997] reported the incipient and nucleate boiling under 
a slot jet impingement with the jet width 3 mm. In order to verify the current numerical 
and experimental investigations, a comparison between current work and Bartoli’s results 
is presented in Fig. 8.10. From this figure, the maximum and average differences between 
the current simulation results and Bartoli’s results were 31.8% and 17.1% respectively, 
while the maximum and average differences between the current simulation results and 
experimental results were 27.3% and 14.3%.  When the superheat temperature was less 
than 7 K, the heat fluxes of the current experimental result were higher than the superheat 
temperatures of the Bartoli’s result and current simulation result. While, the heat fluxes of 
the Bartoli’s result were highest for the superheat temperature larger than 7 K. The heat 
fluxes of the current simulation results were the lowest in these three results.  
 
 
Fig. 8.11 Distributions of velocity vectors in the impinging region for various superheat 
temperatures at t  = 4 s 
 
 
The distributions of velocity vector in the impinging region for various superheat 
temperatures at t  = 4 s are presented in Fig. 8.11. For the cases of higher superheat 
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temperatures of the target plates, higher velocity vectors were obtained as the inlet 
impinging jet velocities were kept constant. Moreover, for the low superheat temperature 
=1 K, no eddy was generated in the flow region above the target plate; while, for the 
high superheat temperatures >15 K, two eddies with higher velocities were generated. 
Hence, the temperature distributions for the high superheat temperatures  were more 
uniform in the flow region (Fig. 8.12). These eddies facilitated the heat and mass transfer 





Fig. 8.12 Distributions of temperature contours in the impinging flow region for various 
superheat temperatures at t  = 4 s  
 
 
The distributions of the temperature contours for various superheat temperatures 
are shown in Fig. 8.12. It can be observed that for the low superheat temperatures, 
e.g. = 1 K and 2 K, relatively high temperatures of the working fluids distributed just 
above the target plate. However, for high superheat temperatures, e.g. =15 K, 18 K 
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velocities were generated above the target plates. In the current simulation, more vapor 
was generated for the high superheat temperatures of the target plate and they flowed 
upward due to the buoyancy.   
 
8.2.5 Visualizations of the Volume Fractions of Vapor 
Visualizations of volume fractions of vapor under various conditions are presented 
in this section. In the simulation, saturated two-phase heat transfer was examined using 
water as the working fluid. Here, three visualizations of volume fractions of vapor were 
obtained: evolution of the time step, effect of the inlet velocity, effect of the superheat 
temperature of the target plate.  
Distributions of volume fractions of vapor in the impinging region for different 
time steps with the inlet velocity v  of 0.2 m/s are presented in Fig. 8.13. The length of 
target plate with a constant superheat temperature was 5.5 mm length. Other part of the 
bottom wall was an adiabatic wall. Hence, the vapor was only generated in the region 
above the hot plate area (Fig. 8.13). With the evolution of time, more vapors were created 
and flew in the eddy. One portion of vapor distributed in the center of the large eddy, and 
most of vapor was trapped in the top of the impinging flow region.  
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Fig. 8.13 Distributions of volume fractions of vapor in the impinging flow region for 





Fig. 8.14 Distributions of volume fractions of vapor in the impinging flow region for 
different inlet velocities at t  = 4 s 
 
 
Distributions of volume fractions of vapor in the flow region for different inlet 
velocities at t  = 4 s is shown in Fig. 8.14. Much less vapor was generated for the high 
inlet velocity because the vapor condensed to liquid as shown in Fig. 8.14. It can also be 
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observed that vapor is trapped in the top of the impinging flow region for low inlet 
velocities such as v=0, 0.02, 0.05, 0.075 and 0.1 m/s. For the high inlet velocities v=1.0, 
2.0 and 3.0 m/s, the vapor was trapped in the center of the large eddy instead of the areas 
near the top confined wall. From the experimental investigation, the bubbles also flew up 
and gathered near the top confined wall for the low inlet velocities, while the bubbles 
moved with the eddy or were trapped in the center of the eddies for the high inlet 
velocities. The distributions and movement of vapor in the current simulation were similar 
to the experimental results. In the experiment, the vapor gathered together and distributed 
near the top wall for the cases of low inlet velocities. While for the cases of high inlet 
velocities, the vapor located in the flow region and moved away to the exit.   
Distributions of volume fractions of vapor in the impinging flow region for various 
superheat temperatures at t  = 4 s is demonstrated in Fig. 8.15. For the cases of low 
superheat temperatures, e.g. = 1 K, 2 K and 3 K, very few vapor was created at t  = 4 
s, while with the increase of the superheat temperature, e.g. =4 K, 5 K and 6 K, more 
tiny vapor was generated and gathered together to the top of the flow region due to the 
buoyancy of vapor. For T = 8 K, 10 K and 12 K, a small portion of vapor distributed in 
the flow region above the target plate instead of gathering near to the top confined wall, 
because the boiling process was accelerated by the increase of the superheat temperatures. 
Hence, for the cases of = 15 K, 18 K and 20 K, more vapors distributed in the flow 
region and gathered in the top of the flow region. The flow velocities of eddies, which also 
contributed to the distribution of the vapor in the flow region, increased with the increase 
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Fig. 8.15 Distributions of volume fractions of vapor in the impinging flow region for 
various superheat temperatures at t  = 4 s erTsup
  
In the current investigation of volume fractions of vapor, the simulation results 
agreed with the experimental results to some extent. For example, for the cases of low 
inlet velocities, vapor of both the simulation and the experiment flew up and gathered in 
the top of the flow region, and for the cases of high inlet velocities, vapor of both the 
simulation and the experiment moved together with the eddies. However, there were large 
differences between the simulation and the experimental results. In the simulation, the 
interfaces between vapor and water were not tracked very well using the current model. 
To improve this problem in the simulation, other model, e.g. VOF model, can be tested in 
the future investigation. In the experiment, the diameters of bubbles were from around 0.5 
mm to 2.5 mm. Moreover, some bubbles attached on the surface of the target plate and did 





                                                                                                  Chapter 8 Simulation of Two-phase IJHT 
8.2.6 Investigations of Micro-impinging Jet  
In order to further verify the current mixture model used, another comparison 
between the current simulation results and Wang’s results was performed. In her 
expeirment, a round micro-impinging jet with a diameter of 0.076 mm was used. Two 
cases of non-impingement and an impinging jet with a flow rate of 2.0 ml/min compared. 
According to the prescribed operating conditions, the inlet velocity was 7.35 m/s. Here, 
both single phase and two-phase heat and mass transfer were involved in the current 
simulation using water as the working fluid. The comparison between the simulation 
results and Wang’s results [2003] is presented in Fig. 8.16. The difference between 
simulation and experimental results were within 20%. From Fig. 8.16, it could be seen that 
the heat flux of the current simulation results were lower than that of Wang’s results for 
the same temperature rise. Pressure drops for the experimental and numerical studies were 
41094.7 Pa and 47573.8 Pa, respectively. From the comparison, it can be found that the 
mixture model underestimate the heat transfer performance of the impinging jet system. 
An important reason was that air dissolved in water affect the boiling problem in the 
experiment. Additionally, heat loss of the target plate to the ambient environment also 
overestimated the heat transfer performance in the experiment.  
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Wang's result No jet
Simulation result No jet
Wang's result Q=2 ml/min
Simulation result Q=2 ml/min
 
Fig. 8.16 A comparison between the simulation and experimental results for single and 
two-phase micro-impinging jet heat transfer 
 
On the basis of the verified simulation model, a further numerical investigation 
was extended to predict the heat transfer performance of micro-impinging jet system. 
Actually, the cost is very high to set up an experiment of a micro-impinging jet system to 
test various parameters, e.g. jet width, jet height and surface roughness. Moreover, 
measurement in the micro-scale level is much tougher than that in that the normal-scale 
level. Therefore, it is a convenient way to predict heat transfer performance of the micro-
impinging jet system with the current model.  
In the simulation, the jet width ranged from 0.02 to 1.0 mm, and the jet height 
ranged from 0.1 to 5.0 mm. Here, the flow rate was kept constant for various jet widths 
and jet heights. Due to rare experimental data for micro-impinging jet heat transfer are 
available under the current operating conditions in the literature, only simulation results 
are presented here.  
From Fig.s 8.17 to 8.19, the relationships between heat flux and the jet width, jet 
height and inlet velocity are presented. Compared with results of the single phase problem 
in Chapter 4, it can be seen that the trends of effects of jet width, jet height and inlet 
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velocity were similar. More detailed description of geometric effect on the single phase 
impinging jet heat transfer may refer to Chapter 4.  
In Fig. 8.17, it shows the relationship between the heat flux and jet width for a 
fixed flow rate 26.4 ml/min. The heat flux q  decreased from 69.3 W/cm2 to 48.0 W/cm2 
and the pressure drop decreased from 968.7 Pa to 185.1 Pa when the jet width increased 
from 0.2 mm to 2.0 mm. For the jet width from 0.2 mm to 0.5 mm, the heat flux declined 
very fast; while for the jet width from 0.5 mm to 2.0 mm, the decrease of heat flux was 
much slower. For the fixed flow rate, the heat performance of the micro-impinging jet 
system was much better than normal-scale impinging jet system. Moreover, pressure drop 
under 1000 Pa is also acceptable for the system. This is the main advantage of the micro-
impinging jet system in electronic components cooling.  
H = 0.2 mm; Tsuper = 10 K; 
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Fig. 8.17 Relationship between the heat flux and jet width for a fixed flow rate M = 26.4 
ml/min 
 
The relationship between heat flux and jet height with a fixed flow rate M of 26.4 
ml/min is presented in Fig. 8.18. The heat flux declined from 87.9 W/cm2 to 26.0 W/cm2 
and the pressure drop decreased from 1526.7 Pa to 23.5 Pa when the jet height increased 
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from 0.1 mm to 5.0 mm. When the jet height increased from 0.1 mm to 1.0 mm (from the 
micro-jet system to the normal-scale system), the heat flux declined dramatically. 
However, the heat flux declined much slower when the jet height increased from 1.0 mm 
to 5.0 mm (in the normal-scale). Therefore, the selection of the jet height also influenced 
the heat transfer performance of the impinging jet system significantly.  
W = 0.2 mm; Tsuper = 10 K; 


























Fig. 8.18 Relationship between the heat flux and jet height for a fixed flow rateM = 26.4 
ml/min 
 
 In Fig. 8.19, the relationship between heat flux and inlet velocity for 2.0=H  mm 
and mm is presented. The maximum Reynolds number was 400 corresponding to 
the inlet velocity 2.0 m/s in the simulation. When the inlet velocity increased from 0 to 0.2 
m/s, the heat flux increased very fast. Thereafter, heat flux increased linearly with the 
increase of the inlet velocity. Under the current operating conditions, the heat flux could 
be up to 164.0 W/cm
2.0=W
2 for the inlet velocity of 2.0 m/s. For this high value of the heat 
removal, it could satisfy the demand of the future electronic components with high heat 
dissipation rates. The relationship between the pressure drop and inlet velocity for 
 mm and mm is presented in Fig. 8.20. The pressure drop increased faster 2.0=H 2.0=W
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with the increase of the inlet velocity from 0 to 2.0 m/s. The maximum pressure drop 
corresponding to the maximum inlet velocity was around 4000 Pa. In the design of the 
impinging jet system, parameters, e.g. heat transfer performance, jet width, jet height, inlet 
velocity and pressure drop, should be considered together.  
 
 
H = 0.2 mm; W  = 0.2 mm; 
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H = 0.2 mm; W  = 0.2 mm;  
Tsuper = 10 K; Tsub = 73 K; Re: 0~400
























8.2.7 Effect of Surface Roughness 
 In Chapter 4, the effect of surface roughness on the single phase impinging jet 
system was discussed. Here, the effect of surface roughness on the two-phase problem 
was carried out. In the current investigation, three types of surface roughness were 
selected: rectangular wave, sine wave and triangular wave. There were forty waves 
generated with the amplitude of 0.1 mm for the 10 mm length of the target plate. 
Configuration and geometry of the rough surfaces are presented in Fig. 8.21. 
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Fig. 8.21 Configuration and geometric size of the rough surfaces on the target plate 
For the single phase problem, surface roughness deteriorated the heat transfer 
performance. However, for the two-phase problem, heat transfer performances of the 
rough surfaces were better than those of the smooth surface. It can be found in Fig. 8.22 
that the increases of the heat removals of the rectangular wave, sine wave and triangular 
surfaces, compared with the heat removal of the smooth surface, were 33.2%, 37.8% and 
40.0% respectively. The main reason for the increase of heat removal was that the rough 
surfaces made the creation and growth of bubbles easier, hence to a significant increase of 
the heat transfer performance. The triangular wave surface yielded the highest heat 
removal because the triangular cavity made the creation and growth fastest in these three 
types of surfaces. For the rectangular wave surface, the creation and growth of bubbles 
were not as fast as the triangular surface. Moreover, the rectangular surface trapped more 
liquid water in the cavity, which retarded the growth of bubbles due to the more 
surrounding water. Therefore, the heat transfer performance for the rectangular wave 
surface was worst in these three types of rough surfaces. 
 134
                                                                                                  Chapter 8 Simulation of Two-phase IJHT 
Additionally, the pressure drops of the rectangular wave, sine wave, triangular and 
smooth surfaces were 353.5 Pa, 333.2 Pa, 288.9 Pa and 203.8 Pa, respectively, for v= 0.2 
m/s, W = 0.2 mm, H = 0.2 mm. The increases of the pressure drops for the rectangular 
wave, sine wave and triangular surfaces, compared with the pressure drop for the smooth 
surface, were 73.5%, 63.5% and 41.7% respectively. 
Another investigation of the surface roughness effect on flow boiling heat transfer 
was presented by Kandlikar et al. [1999]. They performed a detailed investigation of 
surface roughness and reported that heat transfer performance also depended on the 
number of cavities and cavity size distributions rather than the average roughness 
indicator. Further investigation could be carried out in the future work. The current 
investigation predicted the heat transfer performance of two-phase problem for rough 
surfaces. It will be valuable for the design of micro-impinging system which can be 
applied to electronic component cooling. 
 
H = 0.2 mm; W  = 0.2 mm;   
Tsuper = 10 K; Tsub = 73 K; 
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8.3 Summary of Chapter 
 In this chapter, a numerical simulation of two-phase problem in the impinging jet 
system using the mixture model has been carried out. The effects of subcooled water 
temperature, inlet velocity and superheat temperature of target plate on the impinging jet 
heat transfer were examined. The relationship between heat flux and various parameters 
were obtained.  Moreover, the distributions of temperature contours, velocity vectors and 
volume fractions of vapor are presented in this chapter. Additionally, the effects of surface 
roughness on the two-phase problem were obtained. A comparison between simulation 
results and experimental results were carried out and the agreement was found to be good. 
On the basis of the verified simulation model, a prediction of two-phase problem in the 
micro-impinging jet heat transfer was carried out and it could be is valuable for the design 
of micro-impinging jet system in industry. 
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Chapter 9 Experimental Investigation of 
Single and Two-phase IJHT 
 
In order to verify the simulation model presented earlier, an experiment has been 
set up to examine the numerical results in the impinging jet system. This chapter 
presents the experimental setup, uncertainty analysis and discussion of results. In the 
experiment, both single and two-phase problems are tested using water and FC-72 as 
the working fluids. The effects of parameters, e.g. the jet width, impinging jet 
orientation and inlet velocity, are studied. Five directions of impingement on to a flat 
test surface are tested: downward, upward, sideways and ±45° angle to the target plate. 
A range of jet widths from 0.05 mm to 2.0 mm is considered. The target plate, which 
has thermal characteristics similar to those of a silicon chip, is supplied with a heat 
flux of up to 90 W/cm2. The surface temperature of the target plate could reach up to 
403 K (130˚C). Because of the high surface temperatures of the target plate, both 
single and two-phase heat transfer are involved.  
9.1 Experimental Procedure 
The impinging jet system consists of a slot jet nozzle, a container, a heater with 
a heat flux sensor beneath and a copper slab embedded with an array of thermocouples, 
as shown in Fig. 9.1. A three dimensional schematic configuration of the heater and 
target plate is presented in Fig. 9.2. A resistor is selected as the heater in the 
experiment which provides a DC power of up to 90 W. A copper slab is glued on top 
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of the heater using an adhesive of good thermal conductivity which fills the gap 
between the two layers. The silver loaded epoxy adhesive (with thermal conductivity 
of 15.9 W/m·K) has a thickness of about 0.05 mm. Here, the function of the copper 
slab is to simplify the measurement of surface temperature of the target plate, as the 
copper slab makes the surface temperature of the target plate uniform. A heat flux 
sensor lying under the heater is used to measure the heat loss from the bottom of the 
heater. In this system, the working fluid is supplied from a pump that controls the 
water temperature. The flow rate is measured using a flow meter before entering the 
impinging jet system.  
 
Fig. 9.1 A three-dimensional schematic configuration of the impinging jet system  
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Fig. 9.2 A three-dimensional schematic configuration of the heater and the target plate
  
 
Fig. 9.3 Locations of the thermocouples in the copper slab 
On the side of copper slab, five holes 1.0 mm in diameter are drilled along the 
middle plane (Fig. 9.3). Five thermocouples are inserted in position to measure the 
temperature of the middle plane of the copper slab. To measure the heat loss from the 
bottom of the heater, a heat flux senor, with a thermal resistance of 5.29x10-4 m2·K/W 
and heat capacity 204 J/m2·K with a response time 0.02 s, is attached to the bottom of 
the heater.  
Data collected from the thermal couples and heat flux sensor are input to 
computer and processed using an Agilent bench link data logger. The power supply 
provides DC power of up to 200 W. The pump supplies water from the reservoir to the 
impinging jet system and controlled the water temperature simultaneously.  
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Fig. 9.5 Flow diagram of the recirculation system for the experimental set-up 
 
9.2 Uncertainty of measurement 
Here, the uncertainty analysis of temperature measurement, power supply and 
flow rate measurement are presented. Thermocouples are used to measure the ambient 
temperature, the inlet jet temperature and the target plate temperature. T-Type 
thermocouples 3.2 mm in diameter are used to measure the ambient temperature and 
fluid temperature just before entering the impinging jet system. T-Type thermocouples, 
with head diameters of 0.3 mm, are inserted into the copper slab to measure the 
temperature of the target plate (Fig. 9.2 and Fig. 9.3). A Master thermometer with 
0.05˚C accuracy is used to calibrate thermocouples. The calibration uncertainty (95% 
confidence probability) is found to be less than ±1.5˚C for the large thermocouple used 
to measure the inlet water temperature and ±1.0˚C for the small thermocouples used to 
measure the target plate temperature.  
A digital unit Agilent DC power supply is used to provide power to the heater 
of the impinging jet system. There are two ranges of voltage and current: 0~8 V, 20 A 
and 0~20V, 10 A.  For lower power supply cases, the small range of voltage is used, 
which could improve the accuracy of power measurement. The accuracy of 
measurement of the DC current and voltage are estimated at 0.15%±5mA and 
0.05%±5mV, respectively. The heat loss leaks from the heater to the base plate is 
measured to be less than 0.2% of the total heat flux supplied to the target plate. 
 In order to improve the accuracy of flow rate measurement, four ranges of 
Ratemaster flow meters are used: 0~8.95x10-7 m3/s, 0~1.85x10-6 m3/s, 
0~3.48x3.03x10-6 m3/s and 0~8.54x10-6 m3/s. The reading accuracy of the flow meters 
is 0.5%. Ten repeated readings are used to obtain the mean value and the standard 
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less than 3.0 % for flow meter reading.  
Uncertainty analysis 
The method for calculating the overall uncertainty of the experiments is 
described by Moffat [1998]. Errors are usually categorized as systematic or random 
errors depending on whether the errors introduced are steady or change during the 
time of one complete experiment. In the experiment, the lack of precision in 
measurements is random (or precision) error and the estimated maximum fixed error is 
the bias (or systematic) error. The confidence level applied to calculate the uncertainty 
is 95%. 
The precision error is obtained by repeated measurements of the variable of 
interest. The readings in each experiment are measured including the inlet jet 
temperature, the heat flux sensor reading, the ambient temperature and the target plate 
temperature. The measured data are utilized in the computation of the sample standard 














i        (9.1) 














∂   is the sensitivity coefficient. 
The precision uncertainty  is then estimated using the -statistics as follows: RP t
RR stP ⋅=         (9.2) 
 141
                                           Chapter 9 Experimental Investigation of Single and Two-phase IJHT 
In order to determine , it is necessary to know the degrees of freedom of the 
precision index. Since s  was based on a sample size of 5, the approximate value for 
the degree of freedom, ν, is determined from the Welch-Satterthwaite formula Kirkup 




























sV       (9.3) 
 
From the above equations, the precision uncertainty of the experiment is also 
obtained.  
Bias Uncertainty 
The bias uncertainty or systematic error is also a vital source of uncertainty in 
experiments. It includes the known errors which can not be eliminated through 















RBB        (9.4) 
where B  is the bias error of the individual equipment.  
 
Overall Uncertainty 




 R )P(B +=ω        (9.5) 
The bias errors in the experiments are obtained from the manufacturers’ data 
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Table 9.1: Bias Errors of Experimental Equipments 
Equipment Bias Error 
Current Supply 0.15% ± 0.005A 
Voltage Supply 0.05% ±0.005V 
Thermocouple (with Calibration) 1.0˚C 
Heat Flux Sensor 1.0% 
 
In the calculation of the overall uncertainty using the methods mentioned, it 
was found to be in the range 1% to 5%.   
Heat fluxes from the heater and heat loss from the back of heater to the bottom 
base are presented in Table 9.2. These data is for the cases of jet width ranging from 
0.05 to 1.6 mm and flow rate of 3.03x10-7 m3/s.  From this table, it can be seen that the 
percentages of heat loss are mostly within 2%.  
Table 9.2: Heat fluxes from the heater and heat loss from the back of heater 
Heat flux from 
heater (W/cm2) 
Heat loss to the 
bottom (W/cm2) 
Percentage of heat loss 
(%) 
1.70  0.03  1.8 
3.18  0.05  1.5 
5.65  0.11  2 
8.66  0.18  2.1 
10.64  0.18  1.7 
12.67  0.24  1.9 
15.05  0.21  1.4 
18.08  0.33  1.8 
19.72  0.35  1.75 
22.29  0.36  1.6 
25.43  0.51  2 
27.98  0.53  1.9 
30.61  0.52  1.7 
35.04  0.56  1.6 
39.55  0.75  1.9 
62.07  1.24  2 




9.3 Results and Discussion  
In this section, a brief description of single and two-phase impinging jet heat 
transfer results is presented. Effects of orientation of the impinging jet on heat transfer 
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performance have been examined. Moreover, the effects of geometric parameters on 
the impinging jet system were also tested. Finally, a dielectric fluid FC-72 was tested 
and compared with results for water in the same experimental set-up.  
 
9.3.1 Heat Transfer Results 
As noted earlier water and FC-72 were used as the working fluids in the current 
study. In this section, the results using water as the working fluid is presented. When 
the surface temperature of the target plate reached about 50°C, a few small air bubbles 
appeared on the target plate clearly due to deaeration of water. When the surface 
temperature reached around 343 K (70°C), many more air bubbles appeared and the 
bubble size started to grow. Due to coalescence, air bubbles covered most of the heat 
transfer surface when surface temperature reached about 363 K (90°C). Moreover, air 
bubbles mainly attached to the surface of the target plate when the surface temperature 
was lower than 363 K (90°C). Air bubbles started to depart from the target plate and 
flowed up to the impinging region due to the buoyancy. Air bubbles finally gathered 
on top of the impinging region. When the surface temperature was near to 373K 
(100°C), water started to boil and vapor bubbles replaced air bubbles on the surface of 
the target plate. A case of the deaerated water was also tested in the impinging jet 
system. The performance of the single and two-phase heat transfer was largely 
different with the non-deaerated water. There were few bubbles generated during the 
single phase heat transfer. Some bubble remained on the surface of the target plate 
when the target plate temperature reached near 373K (100°C).  With the increase of 
power supply to the heater, boiling occurred and vapor bubbles appeared and grew. 
For the case of the deaerated water, unlike non-deaerated water, vapor bubbles 
departed from the surface of the target plate quickly.  
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For the case of non-deaerated water, when the surface temperature of the target 
plate reached around 70°C, surface temperature started to fluctuate. As the surface 
temperature reached the boiling point, the fluctuations became more intense. The 
magnitude of the fluctuations reached up to 5K around the mean value. The main 
reason for this behavior is clearly the creation, movement and disappearance of air 
bubble and vapor bubbles in random fashion. However, for the case of deaerated water, 
the fluctuations of surface temperature were moderate, compared with the case of non-
deaerated water.  
 
Fig. 9.6 A comparison between the simulation and experimental results for single and 
two-phase impinging jet heat transfer 
 
A comparison between the simulation and experimental results for the single and 
two-phase jet heat transfer is presented in Fig. 9.6. The inlet velocity v , inlet 
temperature , jet width W  and jet height 0T H were 0.14 m/s, 296 K and 0.6 mm and 5 
mm, respectively. It can be seen that the expected heat fluxes are higher than those 
obtained via simulation for the same surface temperature. In the simulation, it is 
obvious that different models were used to simulate single phase problem and two-
phase problem. For the single phase problem, a CFD method Fluent 6.2 was used to 
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solve N-S equations, while for the two-phase problem, the mixture model inserted 
with UDFs was used in the simulation. Hence, there was a small jump of heat flux 
from the single phase to the two-phase when the surface temperature was near the 
boiling point.   
For the single phase problem, the average differences between the simulation 
and experimental results of the non-deaerated water and the deaerated water was 
35.5% and 10.4%, respectively; while for the two-phase heat transfer, the average 
difference between the simulation and experimental results was 25.4% and 17.5%, 
respectively. Here, the air dissolved in the non-deaerated water affected the heat 
transfer performance significantly, especially for the single phase heat transfer. In fact, 
the creation, departure and movement of air bubbles on the target plate surface 
enhanced the heat transfer performance in the impinging jet system. For the deaerated 
water, the influence of the air bubbles on the impinging jet heat transfer was 
insignificant. Hence, the differences between the simulation and experimental results 
for the deaerated water were smaller than those between the simulation and 
experimental results for the non-deaerated water.  
In the comparison between the simulation and experimental results for the two-
phase problem, it can be seen that the experimental gradient of heat flux to surface 
temperature was steeper than the simulation gradient. Moreover, in the simulation, the 
heat flux fluctuated very slightly with the evolution of time step; while in the 
experiment as noted earlier, the fluctuations of heat flux for the two-phase heat 
transfer were more intense.  
In the literature, there were several investigations on the effect of the dissolved 
air on the heat transfer performance. Collier [1994] has reported that the presence of 
air dissolved in the water increases the heat transfer during the subcooled boiling. Gas 
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bubbles form at the target plate surface, as observed in the experiment, and agitated 
the liquid in the wall region in the same way that vapor bubbles do. McAdams et al. 
[1949] have also reported that the presence of gas has a considerable effect on the 
position where the first release of bubbles occurs and also on the boiling curve at the 
heat fluxes lower than 70 W/cm2. However, the effect nearly disappears when the heat 
fluxes is higher than about 70 W/cm2.  
 
 
9.3.2 Orientation Effect of Impinging Jet System 
Unlike the single gas phase heat transfer, in the two-phase problem, the 
buoyancy effect of gas (or vapor) bubbles is significant and can affect heat transfer 
considerably. In this study, this effect was studied experimentally using a 
“submerged” impinging jet, i.e. there are no free surfaces involved. Five orientations 
of the impinging jet system were selected: downward, upward, sideways and ±45° 
inclined directions (Fig. 9.8). The target plate has thermal characteristics similar to 
those of a real silicon chip. The target plate, which consists of a heater and a copper 
slice attached on the heater, performs the same function with the real silicon chip for 
heat dissipation. In the current investigation, the heat flux ranges from 5 to 80 W/cm2 
and the liquid flow rate is fixed at the value of 3.03x10-7 m3/s. A comparison of the 
flow visualization results and thermal performances for these following five 
orientations was carried out.  
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Fig. 9.8 Orientations of the impinging jet and target surface in the experiment 
 
 
Fig. 9.9 Relationship between surface temperature and heat flux from the target plate 
for different target surface orientations with a fixed flow rate of 3.03x10-7 m3/s 
 
Relationships between the surface temperature and power supply for the five 
impingement orientations are shown in Fig. 9.9. From this figure, it can be seen that 
the results for the five impinging orientations were very close when no air bubbles 
appeared on the target plate. For the non-deaerated water, air bubbles usually appeared 
when the surface temperature of the target plate reached 323 K (55°C) with the heat 
flux about 22 W/cm2. Thereafter, the orientation of impinging jet system starts to 
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affect the heat transfer performance. When the surface temperature of the target plate 
reaches around 353 K (80°C), more bubbles are created and remains on the target plate. 
These bubbles substantially affect the impinging jet heat transfer. Therefore, there 
were obvious large differences in the thermal performance for these five cases.  
From Fig. 9.9, when the surface temperature reached the boiling point, the heat 
fluxes for the five orientations were: 38.5 W/cm2 for upward impingement, 39.2 
W/cm2 for -45° inclined impingement, 40.1 W/cm2 for sideways impingement, 47.0 
W/cm2 for +45° inclined impingement and 58.5 W/cm2 for downward impingement. 
These differences are mainly caused by the generation, growth and movement of air 
bubbles in the impinging region.  
Visualizations of the single and two phase heat transfer for the downward 
impingement are demonstrated in Fig. 9.10. From this figure, it can be seen that there 
are a few air bubbles generated beside the target plate because the air is trapped in the 
cavity of the surrounding material. For the surface temperature higher than 323 K 
(50°C), e.g. 326.6 K (53.6°C) and 333.6 K (60.6°C) many tiny air bubbles appear on 
the surface and they grow with the increase of the surface temperature. Before the 
surface temperature reaches the boiling point, many bubbles already envelop the 
surface of the target plate. When the surface temperature exceeds the boiling point 
boiling occurs on the target plate and water vapor bubbles appear and replace the air 
bubbles gradually. With the increase of surface temperature, sizes of vapor bubbles 
grow and bubbles depart the target plate surface. As the surface temperature of the 
target plate is higher than 383 K (110°C), the boiling process becomes more intense. 
The movement of bubbles is also faster and the sizes of bubbles become smaller.   
Some vapor bubbles gather on the top of the flow region and others flow away to the 
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outlet. For the downward impingement, fresh cooler liquid can be easier to reach the 
target plate.  
 
 
Fig. 9.10 Visualizations of the single and two-phase heat transfer for the downward 
impingement  
 
Visualizations of the single and two-phase heat transfer for the +45° inclined 
impingement is shown in Fig. 9.11. From this figure, it can be seen that there are few 
bubbles generated on the target plate when the surface temperature is lower than 333 
K (60°C). When the surface temperature is higher than about 333 K, a few tiny air 
bubbles appear on the surface. With the increase of surface temperature, more air 
bubbles appear, e.g. the air bubbles envelop almost one third of the target plate area. 
When the surface temperature reaches the boiling point, boiling occurs and bubbles 
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starts to depart the target plate.  Compared with the downward impingement, the 
bubbles depart a bit of slow for the +45° inclined impingement under the same 
conditions. Hence, the heat transfer performance for the +45° inclined impingement is 
not as good as for the downward impingement.  
 
 




Visualizations of the single and two-phase heat transfer for the sideways 
impingement is presented in Fig. 9.12. For the sideways impingement, the process of 
bubbles generation, growth and movement is similar with the previous two 
impingements. The difference between this one and the previous ones are that more 
bubbles are generated and remain on the target plate surface under the same operating 
conditions. Hence, the situation of bubbles deteriorates the heat transfer performance 
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significantly for the sideways impingement. The bubbles that have departing the 
surface mainly flow away from the top exit. For the upward impingement, the 
distributions of bubbles are different from previous ones (as shown in Fig. 9.13). 
When boiling occurs, more vapor bubbles are generated and remain on the target plate 
due to the vapor buoyancy. They are not easy to be removed like other impingements. 
Therefore, bubbles coalesce to a few large bubbles and they enveloped the most area 
of the target plate. These large bubbles make the cooler liquid tough to reach the target 
plate. Finally, the heat transfer performance of the impinging jet system is depressed.  
Thus heat transfer performance is influenced significantly by the presence of vapor 
bubbles. The highest heat flux appears in the downward impingement and the lowest 
heat flux in the upward impingement. Heat removal rates by sideways and +45° 
inclined impingements have intermediate values, as anticipated. 
The trend of the effect of the impingement orientation on the impinging jet 
system agrees well with results in the literature. Fujii et al. [1984] studied the effect of 
surface orientation on boiling from a porous coated disk in R-113. In their 
experimental results, there were obvious decreases of heat transfer performance when 
the surface orientation increased, which resulted from the trapping of vapors near the 
target plate. Also, Venart et al. [1986] found that the nucleation superheat decreased 
with increasing angle of inclination from a horizontal facing-upwards position to a 
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9.3.3 Effect of Jet Width 
Several jet widths, ranging from 0.05 mm to 1.6 mm, were studied 
experimentally. Relationship between the surface temperature and the power supply 
for different jet widths is presented in Fig. 9.14a. From this figure, it can be seen that 
when the surface temperature reaches the boiling point, the heat flux for jet width of 
0.05 mm, 0.2 mm, 0.6 mm, 1.0 mm and 1.6 mm are 46.2 W/cm2, 43.1 W/cm2, 37.2 
W/cm2, 30.8 W/cm2 and 23.6 W/cm2, respectively. From this study, it can be seen that 
impinging jet width of 0.05 mm remove much more heat than one a width of 1.6 mm. 
From the comparison between experimental and simulation results (as shown in Fig. 
9.14), it can be found that the heat fluxes for small jet widths in the experiment are 
higher than those in the simulation; while, for the large jet widths, heat fluxes in the 
 154
                                           Chapter 9 Experimental Investigation of Single and Two-phase IJHT 
experiment are lower than those in the simulation. The largest difference between the 
simulation and experimental result is 21.5% at W = 1.6 mm. This difference was 
mainly caused by the experimental uncertainty for large jet widths. As the flow rate 
was kept constant for different jet widths, the inlet velocity of largest jet width was 
lowest. The inlet velocity decreased from 0.55 m/s to 0.0172 m/s for jet width from 
0.05 mm to 1.6 mm with Reynolds number of 32. In the experiment, it was harder to 
obtain perfect uniform inlet velocity for large jet widths. Therefore, more errors were 
created for large jet widths in the experiment. Under the current operating conditions, 
the pressure drop between inlet and outlet was not high because the jet height of 5 mm 
was in the normal scale region. The maximum pressure drop for various jet widths was 
110.2 Pa. If the jet height was reduced to smaller level e.g. 0.2 mm, a much higher 
pressure drop appeared in the micro-impinging jet system (refer to Chapter 8). A 
comparison of heat transfer coefficients between the simulation and experimental 
results for the different jet widths is presented in Fig. 9.14b. The trends of curves for 
the heat flux and heat transfer coefficient are similar. 
  
Fig. 9.14a Comparison of heat fluxes between the simulation and experimental results 
for the different jet widths 
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Fig. 9.14b Comparison of heat transfer coefficients between the simulation and 
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Fig. 9.15 Comparison of Nusselt numbers between simulation and experimental 
results for various inlet velocities  
 
A comparison of Nusselt numbers between the simulation and experimental 
results for various inlet velocities is presented in Fig. 9.15. For the low inlet velocities, 
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the Nusselt numbers of the simulation results are higher than those of the experimental 
results. However, for the high inlet velocities, the Nusselt numbers of the simulation 
results are higher than those of experimental results. This contributed to the inlet 
velocity profile and the accuracy of the simulation model.  In the literature, incipient 
and nucleate boiling in the slot impinging jet system was carried out by Bartoli et al. 
[1997]. The effect of the inlet velocity on the impinging jet heat transfer in the current 
investigation agreed well with their results.  
M = 18.24 ml/min; 
v:0.017~0.55m/s; 
Re =27.6;  
H =  5.0 mm; 
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Fig. 9.16 Relationships between surface temperature of the target plate and heat flux 
for various jet widths 
 
The relationships between surface temperature of the target plate and heat flux 
for various jet widths are presented in Fig. 16. It can be observed that the small jet 
width can remove much more heat fluxes than the large jet width for the boiling 
problem under the same other conditions. Therefore, in the design of impinging jet 
system for the electronic cooling, micro-impinging jet system has an obvious 
advantage.  
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9.3.4 Comparison between FC-72 and Water 
The dielectric fluid, FC-72, was tested in this experimental set-up and 
compared with water as the working fluid. In the real industrial application, it is 
impossible to use water to directly cool the electronic components as water will bring 
about the failure of electronic chips. FC-72 is a clear and colorless chemical liquid 
with a low boiling point and low surface tension compared with water (Table 9.3).   
In the experiments with FC-72 as the working fluid, there were many different 
phenomena compared with water in the process of single and two-phase heat transfer. 
During the boiling process of FC-72, temperature fluctuation did not appear until the 
superheat temperature of target plate ( erTsup satwer TTT −=sup ) reached 24 ˚C. This 
fluctuation was caused, as in the case of water, by the creation and movement of vapor 
bubbles of FC-72. It was faster for FC-72 than water to reach a steady state. The main 
reason for this difference was that there was almost no air dissolved in FC-72, hence 
no air bubbles were created on the surface of the target plate during single phase heat 
transfer. Another possible reason is that the dielectric fluid FC-72 does not affect the 
resistance of the heater after a long duration of the experiment.  
For these two working fluids, FC-72 and water, there were other important 
differences as well, e.g. diameter of the vapor bubble and the movement of bubbles. 
From observations made in the experiments, average diameter of FC-72 (about 0.6 
mm) was noted visually to be smaller than that of water (about 1.0 mm). Moreover, 
vapor bubbles of FC-72 rarely remained on the surface of target plate; while vapor 
bubbles of water covered most the surface area of target plate under similar conditions. 
Additionally, vapor bubbles of FC-72 moved faster than those of water due to their 
smaller sizes.  
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Table 9.3 Thermal properties of FC-72 and Water 
 Parameters FC-72 Water 
Boiling Point (1 atm) 56˚C 100˚C 
Dynamic viscosity10-6 (m2/s)  2.38x10-4 10-3
Surface tension (1x10-3 N/m ) 12 72.8 
Latent heat of vaporization  






Density (kg/m3) 1680 1000 
Thermal conductivity (W/m· K) k 0.057 0.65 
 
H = 5.0 mm; W = 0.1 mm; 























FC-72; Re = 414.3
Water; Re = 58.7
 
Fig. 9.17 Comparison of heat transfer performances between FC-72 and water in the 
impinging jet system under the same operating conditions  
 
A comparison heat transfer performances between FC-72 and water in the 
impinging jet system under the same operating conditions is presented in Fig. 9.17. 
The heat removals of FC-72 and water at their own boiling point were 15.5 W/cm2 
and 55.1 W/cm2, respectively, with an inlet velocity of 0.587 m/s and jet width of 0.1 
mm. The Reynolds numbers for FC-72 and water, which were both in the range of 
laminar flow, were 414.3 and 58.7, respectively. When the surface temperature of FC-
72 was above the boiling point 339 K (56˚C), the heat removal increased dramatically. 
From Fig. 9.17, it can be seen that the two curves of FC-72 and water cross at the 
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surface temperature of 361.7K (88.7˚C) and heat flux of 53.8 W/cm2. Thereafter, heat 
removal of FC-72 was higher than that of water. When boiling appeared in water, the 
heat removal increased dramatically with a small increase of wall temperature.  
In the literature, investigations of boiling problem for FC-72 have been carried 
out. Auracher et al. [2002] reported the relationship between heat flux and superheat 
wall temperature during the boiling process of FC-72. Although the operating 
conditions for their study and the current investigation are not the same, the trends of 
curves are agreeable.  
FC-72 is a good dielectric fluid, which can be applied in the electronic 
component cooling when the low temperature of chip is demanded. In the impinging 
jet system, FC-72 can provide a stable impinging jet system with high heat removal 
and relatively low surface temperature. Moreover, FC-72 could meet the demand of 




9.4 Summary of Chapter 
In the experimental investigation, various parameters e.g. jet width, 
impingement orientation and different working fluids have been studied. For the single 
phase impinging jet heat transfer, the impinging plate orientation does not affect the 
heat transfer, as expected. However, the two-phase impinging jet heat transfer is 
greatly affected by the impingement orientation because of the buoyancy effects 
involved in the creation and movement of air and vapor bubbles. Also, photographic 
visualization of single and two-phase impinging jet heat transfer has been carried out. 
It was found that a small jet width enhances the heat transfer rate greatly. In the 
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experiment, a dielectric fluid FC-72 has been tested and the comparison between FC-
72 and water has been carried out. FC-72 is a good working fluid for the application in 
the electronic component cooling.  
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Chapter 10 Conclusions and Recommendations 
 
This thesis presents numerical and experimental investigations of single and two-
phase impinging jet heat transfer under various operating conditions. Various parameter 
effects on the impinging jet heat transfer were tested numerically, e.g. geometric 
parameters, Biot number, fin structure and presence of a baffle in the jet flow. A 
simulation of two-phase problem was carried out using the mixture model in Fluent 6.2.  
For the single phase problem, the relationships between the local Nusselt 
number , average Nusselt number , jet width W , jet heightxNu mNu H , and have 
been generalized. Moreover, the effect of surface roughness on the single phase heat 
transfer performance has been obtained. Surface roughness generally deteriorate the single 
phase heat transfer performance due to the working fluid is trapped as recirculation eddies 
in the cavities of the rough plates.  
WH / Re
The conjugate heat transfer has been also studied numerically using different 
materials as the target plate. The correlations between the local and average Biot numbers 
and thermal conductivities of the target plates are generalized. Also, the relationships 
between the local and average Nusselt numbers and the average Biot number have been 
also obtained. Considering the factors such as the degree of temperature uniformity, 
average Nusselt number  and industrial feasibility, the current prediction is valuable 
for the selection of the target plate in the impinging jet system.   
mNu
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For the single phase problem, the effect of a plate-fin heat sink has been studied 
with fin number, fin height, fin-to-spacing ratio as the parameters. Also, presence of a 
baffle in the flow region is studied with the changes of the baffle orientation, location and 
length. Average Nusselt number is obtained to evaluate the overall heat transfer 
performance.  
For the two-phase heat transfer, a mixture model, incorporated with UDFs, has been 
developed to simulate the boiling problem. In the current investigation, the effects of 
subcooled water temperature, inlet velocity and superheat temperature of target plate on 
the heat transfer performance have been obtained. Distributions of temperature contour, 
velocity contour, velocity vector and volume fraction of vapor are obtained. The effect of 
surface roughness on the two-phase impinging jet heat transfer has also been examined. 
The comparison between simulation and experimental results was carried out and the 
agreement is found to be good. On the basis of this verified simulation model, a prediction 
of two-phase micro-impinging jet heat transfer have been performed and it could be 
valuable for the design of micro-impinging jet system in industry. 
An experiment of impinging jet system has been set up to verify the simulation 
results.  The effects of impinging orientation and jet width on impinging jet heat transfer 
were tested in the experiment. Moreover, both single phase and two-phase heat transfer 
were examined. For the single phase problem, the impinging orientation do not affect the 
heat transfer performance significantly. However, for the two-phase problem, the 
impinging orientation affects the overall heat transfer performance greatly because of 
creation and movement of air and vapor bubbles. In addition, a range of the jet width W  
from 0.05 to 2.0 mm has been tested. From this investigation, it is found that small jet 
width can remove much higher heat flux that large jet width when the flow rate is kept 
 163
                                                                                                                       Chapter 10 Conclusions and Recommendations 
constant. Finally, a dielectric fluid FC-72 has tested and the comparison between FC-72 
and water is carried out. The advantages of FC-72 in the industrial application are reported.  
 
10.1 New Contributions 
1) The effects of various parameters, e.g. jet width, jet height, Biot number, plate-fin heat 
sink and an embedded baffle, on single-phase impinging jet heat transfer have been 
studied. The current work has provided a study in the impinging jet system under 
particular operating conditions which are different with the studies in the literature; 
2) The mixture model is adopted in Fluent 6.2 to simulate the two-phase impinging jet 
heat transfer. UDFs (User-Defined-Functions) are incorporated to the main model to 
simulate heat and mass transfer process. The effects of various parameters on the overall 
heat transfer performance have been discussed; 
3) On the basis of the verified simulation model, a numerical investigation of micro-
impinging jet heat transfer has been carried out in view of its promising application in 
industry;  
4) An experimental has been set up to test the thermal performance of single and two-
phase heat transfer using water and FC-72 as the working fluids. The simulation results 
and experimental results are compared and good agreements are obtained.  
 
10.2 Recommendations in the Future Work 
1) For the single phase impinging jet heat transfer, different types of impinging jet such as 
multiple round jets and declined jet could be further investigated. Also, effect of unsteady 
inlet velocity on the heat transfer performance can be investigated. 
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2) For the two-phase problem, the simulation model could be improved further. Tracking 
the interface between vapor and water is still not so satisfactory. VOF model can be used 
to track the vapor-to-water interface. Moreover, for the two-phase problem, other models 
of computational fluid dynamics can be developed to improve the current simulation as 
there are still differences between experimental and simulation results.  
3) In the future simulation model, the effect of dissolved air in the working fluid on the 
single and two-phase heat transfer can be discussed. Additionally, three dimensional 
simulation can be carried out with the increase of computational capacity of computers.  
4) In the future experimental investigation, smaller scale impinging jet system 
(e.g.  ) can be set up to meet the high demand of heat removal in 
the future application.  
mmHmmW 2.0,2.0 <<
5) In the experiment, other dielectric fluids with different boiling points can be tested and 
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Appendices 
 
Relative (Slip) Velocity and the Drift Velocity 
The relative velocity (also referred to as the slip velocity) is defined as the velocity of a 
secondary phase ( ) relative to the velocity of the primary phase ( ): p q
qppq vvv
ρρρ −=          (1) 




ρα=          (2) 
The drift velocity and the relative velocity ( qpv










ρρρ        (3) 
Fluent's mixture model makes use of an algebraic slip formulation. The basic  assumption 
of the algebraic slip mixture model is that to prescribe an algebraic relation for the 
relative velocity, a local equilibrium between the phases should be reached over short 









ρρτ )( −=        (4) 









=          (5) 
d  is the diameter of the particles (or droplets or bubbles) of secondary phase p , aρ is the 
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secondary-phase particle's acceleration. The default drag function is taken from 
Schiller and Naumann: 
dragf
687.0Re15.01+=dragf    )1000(Re ≤     (6) 
Re0183.0=dragf   )1000(Re ≤     (7) 




ρρρρρ )(       (8) 
The simplest algebraic slip formulation is the so-called drift flux model, in which 
the acceleration of the particle is given by gravity and/or a centrifugal force and the 
particulate relaxation time is modified to take into account the presence of other particles. 
In turbulent flows the relative velocity should contain a diffusion term due to the 
dispersion appearing in the momentum equation for the dispersed phase. Fluent adds this 














      (9)  
where ( ) is the mixture turbulent viscosity and (mv Dσ ) is a Prandtl dispersion coefficient. 
When solving a mixture multiphase calculation with slip velocity, formulations for the 
drag function can be directly prescribed. The available choices are: 




• User-defined functions 
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In this simulation, an energy function for heat transfer, liquid and vapor functions 
for mass transfer were written in source code to solve heat and mass transfer process.  
Volume Fraction Equation for the Secondary Phases 
From the continuity equation for secondary phase , the volume fraction equation 
for secondary phase  can be obtained: 
p
p






, &&ρρ ραραρα    (10) 
   
 
 177
